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Abstract 


The Sgftestad iron deposit of southern Norway is 
found associated with hornblende gneisses that form part of 
the Nissedal supracrustal series. The deposit is for the 
most part a magnetite-titanhematite ore rich in apatite. 
Sulfide-rich patches, formed later than the oxides, are 
found associated with the ore. 

Works done on samples collected from the area in- 
clude: (i) thin and polished section study of ore and country 
rocks; (ii) microprobe analysis for Fe, Mg, and Ti of co- 
existing Ca-amphiboles and biotites to determine the elo Wot tele 
ution of these elements between the two mineral phases; (iii) 
enelyctsetorere, Ti, Mog, un, Al cand) V of coexisting 110n Oxide 
phases; (iv) sulfur isotope measurements on pY ci te-chalcopy- 
rite pairs from) sulfide-rich sections of the ore body. 

Fe and Mg show an equilibrium trend in their Gistrib- 
ution between the Ca-amphiboles and biotites analysed, while 
the distribution of titanium is found to be irregular. The 
magnetites of the ore, hornblende gneiss, amphibolites, and 
skarns are found to be poor in Ti, V and Mg, while the co- 
existing titanhematites exhibit a wide VALI SELON inecies Grr 
content. The metagabbroic magnetites coexist with hemoilmen- 
ites, and show a distinct chemical difference compared to the 
above magnetites by having higher V and Al, and lower Mg con- 


tents. The reason and implications of all these findings are 
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discussed with the use of relevant data from the literature. 

The sulfur isotope values for pyrites and chalcopy- 
rites indicate that the sulfur falls within the magmatic- 
hydrothermal range. Values from two pyrite-chalcopyrite 
pairs indicate temperatures of “weerystallisation Ofeabout 
550°C and greater than 700°C. 

Comparisons are made between the Sdftestad deposit 
and the Gallivare iron ore body of northern Sweden, and evi-~ 
dences for a possible metasomatic replacement OfDGiINyisydis-— 


cussed. 


bi 
_ottiszesii od) mot? stsb tnavedexy to ono oft dtiv 





-yieolads bas est iryy.rot esuvlay sqodeat wise ot 
-nitempat sit sidsetw afolet getiga sda aude. etevibat aosiz 
etinyvqovlero-stizvg cows aor? eemiev) canst, Lemrodtoxbyd 
tueds. to roltseii(sieyiosy lo esaeeelegee etsoibak e1tisq | 
.3°00T mad’ aeteexp Bas, O°D22 
tiaageh Sstestth? orf? ceowted ebem sus anoalisa@EeaD 
-ive Bas ,poabewe overftuon. to ybed sto, nosk swsviile® eff Rae 
~2bh ei aigixo tneweseigox sktemosadem slidieeog 6 20% esoneb. 





or bak 
Acknowledgements 


Binet. sl would like to thank Mr. Rk. Mitchell for 
suggesting the thesis topic and providing the ore and rock 
eampiessne bac collected from the Sgftestad area. My sincere 
Soprecvabione to Dr eh., D. Mortoa tor Supervising the thesis 
and providing helpful advice during the mayor part of the work, 
and to Dr. R. E. Folinsbee for reading over and correcting 
the manuscript. I extend my thanks to Dr. R. Krouse Otte 
Physics Department, University of Calgary, for ‘the sulfur 
isotope measurements. 

I gratefully acknowledge the help given by Mr. D. 
Thomilson and Mrs. R. Bliss with the electron-probe Micro- 
analyser. My thanks, also tO Mr. fF. Dinmiesou sanc Mr. 7 2ecote 
for the drafting work, and to Mrs. K. Coward Om tyoinoecus 
manuscript. 

The financial assistance provided by the Canadian 


International Development Agency is especially appreciated. 


> | oe 
etaansphetwoutoa 4 
: : wm eee 3 


rot fiovovlM .© . 2M Anett ot SHEL Bidow Tt (yigaris 
toes ban oto ott patbivorg Baa Seige!’ Sheers sig poltseppve 
astsonke yil .so10 bedeot?ge of matt Bsinefied ber ed selquee 
eieett oft paieirroqae 103 nodicM “0 .f43e oF apReinasees 
.tzow sit Fo gisq i9fen sat patasb ssivbia Giiagten caihiverq Bas 
pifsoorx00 Sis 19vo palifeet vot sedeatio®? .f Ol valli ae bas 
off to s2v017 1A. oF athedd Gor baedne T .iqitoavnen oi. 
zuaive say +07 Yispaisd to yoleieytat \ Tent reqeg as taynt 
. .stiemoivesom squboes. 
“GQ .2m yc sovip glad oft Spbelwontos ylivtetsxp I 
~ctoim sdox-norjsefe oft agiw eeils .4 .e3M bas noel tmodt 
$3090.26 23M 5 VOTSLNLG..T .3h of cafe edged? yh -tseylens 
ery poigys i192 SxewoD .o .23M-e? Bae 1a vebtisrh eds tof, 
| Jee 
arid | ba5ivorq eucetetees Istoneat? oct 
»DSIBiDaagas “i Si9edes ef, yvansork Ittongoleved {snoitsarsiat - 


i 





, 


Table of Contents 


ADSEVaCts. «es set LTO eros eee SP. ETS. 

Acknowwedgements “TOURS 5 “s se & F & 6 2 & 

Tab le@wOrsCOngents unm. Ones. bee. 6 « 6 8 8 5 

List or Lables (a. VES Tenet el ory 608, Ceri 

PisteOL rLgures= 9.0 eat MAM. Sos se 3 6 5 8 8 

LVsteor Plates .3> UPR Saveralocy. ene, Certur 
Chapter I 

IMEroOCUecELOMe Ese e TeeBe 2 ¢ 4 °F FH 2 8 

BocaevenGn.Gn FOLStonantp;: And F 

PECVIOUG WOLREYSTAGALSSCL0R s s 2 

Mine history, size and production 

Geologic setting and age of rocks 

ew EWEGPOGUGEL@N= s°F 5 3 « 

B. The southern Precambrian 

C. The Nissedal series ... 


Chavperer. Ll 


The ore deposit and associated country rocks 


TntroduceuLoneayueawn.Us Fs. « se 8 


Oregdeposittandiconfiiguration with» respect 


to wadkl vocks@rss GALS Poa. ae 


The country FOGCKS@. : 4 6 st F % 4 


A. Biotite-hornblende gneiss and 


aMpNABGlites: + « # « + 3 


B. SRaTneLOCkS@. ¢ 4 és 3 % 4 


£0 


10 


Thib 


i 


13 


20 


ae = ons 
= 7" 
nA 


v 


SS... sas + ox gioadispssem .3 
MS. ee we OS Meer zetzo Wg 
Iebaceil! sed to shot pasigromageM .f ae 
i re ie 2 VA 

ne -«.. . S@@iq SBixo aomd ef? 





ont to stutter bas ypeisicnin 310 A 
aww st de we ee 8 Oe Va x0 - 
eit fo euntxes ORB yootsx stm oxO .8 

fe . 6 0 st tee 8 hlhU Ul BD VRS 
on rs i‘ .s » « » Geeta Shi2 ive eft 


5 ics met is ,gifadektefes ebhita-aba?iaks® 


fos 
a | 

. 

hes 

-— 

a 
J 

, 

rt 


to If sansypes 
Iii zesqend 
nolgce seb bus trlonet featrylaga 
oo* «= @ hOfSorRotsak 
piiwjalxeos mL £7 ,0M «So 20; hott sesase 
Ye. «. . « 6 + + s) BBG E Dis. Peboreiage-2D 
|. er i Fo notsudsezsesg sh _ : 
” i a ern a wLsudisgeie of 
Bk os vows « ts cw 2T 20 i sucdi36 ei .~2 ~ 


Bh. -s ~~. - + + Stivas tepfiviede ebind : 7 
i sit mt masa abixo LT: oat a - 


oo 





vi 
Gig) EO URETSERUOT &, oy POS eo eae Bee Os 
(Mana Cannas). 20 + os. 3) o OS 
Sulfur isotope measurements and discussion .. . 70 
Application of experimental and theoretical 
Geta tomorenend (COUN eErOCKSUESO. «: +. -. ce te ee oe we Ad 
Merproduessise: dxidatiionxef foxides ... . 7/1 
Be Retimation of the range of £0, eh, Renee 
Chapter IV 
Comparison of the Sgftestad ore with metamorphosed 
ores of Kiruna type, and possible skarn (or 
MECASOMA TEI LOU UGS e.g ae ae ke oe we ge xe ne oh ae we we oe 0/6 
Typesytoteike Teposi ts. SAWN. CALC G ee ve te ne oe 76 
MyercHiingsavessiepositt Metayevbroaic .... 77 
Comparison of Sgftestad with Gallivare .. gS) 
Evidences for metasomatic origin ..... 8l 
Chapters y 
Cuma ty pend ecONnGl US EOMNS#=. 4). fs + «9+ + + « « + %8 85 
Ore and) Country —rOCcks) .96 6. . 5 6 © 6 ess 85 
ae iy ei CalmwOL a) an. aig ss ys vo olen ele) ee 7s 86 
A. Fe, Mg, Ti in coexisting Ca-amphiboles 
Shaler oetepenc act ee ee = ere ee OU 
BolOxide analytical results §. 7. - . -.983 
Cylcultur isotove results) 4). ee =) +5. 3? 
Application of some literature datas LO.ore 
SCC OUI Oh meGOCnG wa) feo woe gfe s.r! #) Ge) 8) U8) Ge 90 


Conclusions on origin of deposit .....- 9l 







Bet ee es ee TC 
Ov... aGteauseid bas stgemexyase® eqotosl wiige 
isnigetoeds bits [ssn to noisssiiagaéA 
mw... eel. Boos eeaides Bae eto oF B7eb 
IS... ». @obaxo to sottsbhix® Sviezesport A 
am «se ws Ot to opnext sd2t To sobtenigad sh 
VI ssceedd 
betodtaionsion (oiw ato by reodtRe eit to moalrsqmed 
ste feeoq bas ,eavd sevala to #826 
Ov . ww ew ws tk 4s be Go s eo (obeemosasen 
ay te a er er oe | . @S2f2z0qeb st to aegyT 
i ae «+ « « « « » Sie006D suaviliise 4aT ’ | a 
et . + 64) dite Dstaet%@8. te. anekmeames 


a see % iIpixto cigznoesddm to sasnghiva ) Sa 
Vv zstqed> 

Ch. + + + + «+ es t 6 es. 4 BOE eiomeD Bae vreae 

CO. e's ws ow «© + « e + » BMDOW Saag Bae e200 ' 7 

Be en + + ee + ep ert Eee bey ions 
aolodiviqme-sD ciisccixeacs ni 2T OM ~Oh sh “2 : 

- ee Bo a sei roid Bas - _ 
Rae Sas - B8tlueer Enotoy tenn abin0 .a 


’ 


Wists s - eau etivess sqoteed tueiNR 6D, 


ee 


a ee 





_ 


Table 


Wall 


LIST OF TABLES 


AgolVstGeOrucoL Pe St oglOLec ee -Minewewe 2 + se 


Models Apealysis Pigures wi ov HOorm= 
Dlende ,Gneleses and Amphipolites. . » « - 


Microprobe. Analytical Result.of 
Coexisting Ca-amphiboles and 


BO Cl Ce seer eer i. eee een e Fe hes go 
Analytical, Result of, Ore-Body Oxides... . . 
Pnalytcicaipnesulteol oxides from 

PATSISEN SS a Te ae ee ee et ee 
Bnolyircalerpesult<of.Skarn Oxidess . . + « 


Analytical Results of Metagabbroic 
Oxides. e e e ° e se e e e e es e e e 


Gultureisotope Values Ok Cocx@eting 
Pyrite-Chalcopyrite Pairs from the 
SUS Sea MOG cake 66s, oimgs eg ee ts 


18 


39 


ai 


53 


54 


Ne) 


70 


te 
E< 
ec 
as 


SID FO are 


.2930 baseed2@R Fo -shayiank 


ae | aH 
£,0CL 
eo | f 

(1, 

rhy 

ac 


tUpit erayiandA 650m 
SacianD ebnatd 


entatyisaé sodortaoinil 
rp s.0D poktelxeoD 

+. oo tet eeoke 
HO ifvasl Leoldytend 


to 3fyeas Ipstsyisa@A 
. «+ «922 bedhdgea 


tiussh [soso y lanes 


od’ 


20 a3iceasd isotayiana 
tee ee eS 


29016V sagtont weiice 


OS LP eo f-4)- 42 cig 


-8"0 BOesaorT es 


<< 


2 
¥ 








Figure 


vii 


Boot Of FPreurisS 


Geological Map of the Nissedal Area. 
The Southern Precambrian of Norway . 


Modal Analysis of Hornblende Gneiss 
BnOenmon Old Les metwerny se «| © 5 = 


Distribution of Iron Between Coexist- 
ing Ca-amphiboles and Biotites . . 


Distribution of Magnesium Between Co- 


existing Ca-amphiboles and Biotites. 


Distribution of Titanium Between Co- 


existing Ca-amphiboles and Biotites. 


Qualitative Blectron-Beam Scan_of 
Magnetite with Ilmenite lamellae 
Prom a ,NVOeCrlte. sin. +s 5 6s ts 


Distribution of Vanadium Between Co- 
existing Magnetite and Rhombohedral 
Dice = mre Pe Gee he ce ee a swt ey Ves 8s 


e 


19 


4l 


43 


45 


64 


68 


sseuore 9 Per 





£ ~ » » »« «68%A Ishoeatlt od¥ Bo Ge Ieotpolosd i. a : 
, + «+ « « Yowro! to ns izvérece? weedspe! sar .8: 


aaign®? shnolanrol To ws 


a sco “eS ee 


-s2ixso) neews7ed movil to nortodrasyetd oe 
fs +++ «© + » BeItIo20 Sits salodingne-se) pak 


“39 fseried mvicengat to nolisedisdetd ‘co 
eb - + + -@@tl7o0rm Gre eeteodifiqns-69 polveixe = 


-29 npdowtot! mutoegst? Yo soteodizseld a) 
eb . «+ + -893)Jor2 bus aslediviqns<s) patseixne 


io A695 mMssa-normoold evisastiland- -v 
26. tamad steceml(l tsiw etisoaesM > 
aa * = + © © = aoe 4 4s «. » & SPEVOGYH B mOTg _ 5 


7 : 7 7 
-3) seswaaG mrtbemsV to notsudivgseia «8 
isthetodmod Sn gtFtonpem pelstaines 
ae _¢ we = © a 2 = MOSS 
- 
> 





Plate 


Plate 


Plate 


Plate 


Plate 


Plate 


ix 


fist of Plates 


100 


‘4k 7, 


astald Go debt 





EO! * . . . ’ * ‘ * ‘ * . . . . . - *_ *- «@ . ¢ ageld 


a ee ne 


SOL ws 6 e oe 0) « © 2d oe ee ee ee ete 
7 eee ee i 
ee a ee a ee Pa . + ata See ey See: 
MOL cic cae ew tenn ee we 4 ee ee ee ee 





CHAPTER f 


INTRODUCTION 

Location 

The Sgftestad iron ore deposit is located in the 
Precambrian of southern Norway, associated with rocks of 
themNiegsédal supracrustal series: * The mine “itself is ‘sit- 
uated on a ridge east of Nisser Lake, about % Km. south of 
Nissedal village at approximately 59° 8'N latitude and 8° 
33'E longitude. The ore outcrops about 200m. above the lake 
shore, and generally strikes N-S, dipping about 40° east- 
wards (Kvien, 1961). Figure 1 shows its position within 


the supracrustals. 


Previous Work 

Published works on the actual deposit are either 
lacking or not easily available, but according to Mitchell 
(1967) the earliest description of the ore was given by 
Vogusin, 1995, but he didenot elaborate on the geology of 
the area. Aamo (1950) gave a brief outline of the history 
and production of the mine up to that time, and described 
a few features of the deposit. Kvien (1961) made a survey 
of the deposit and briefly described some of the surround- 
ing amphibolites and gneisses. Mitchell (196 /)s Gonaucted 


a study of the Nissedal supracrustal series, and gave oa 
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belief description of the Sdftestad ore. 


Mine History, Size and Production 

According to Aamo (1950), the Sgftestad deposit was 
discovered in the 1860s, but there was no mining activity 
until 1914. The deposit, first owned by the Naes Jernverk 
Company, was sold to Sgftesand Gruber aa 9 1. 

Between 1914 to 1921 some ore was produced (data 
lacking on the exact tonnage); all mining activity ceased 
at the end of this period, and production didn't start 
agaimeurtalikApra |, 19 30-.——A magnetic survey conducted in 
the summer of this year indicated the presence of another 
ore lens south of the three earlier known ones. Ore re- 
serve was estimated to be about 100,000 tons, but by erie 
end of 1949, 195,000 tons had been delivered. The yearly 
production in 1950 was 26,000 tons, which increased to 
34,,000ntons byi 1957 (Vokes; T1960) Production continued 
until 1964, when the mine was again closed down. 

Table 1 shows a few analyses of the average shipped 
ore between 1957 and1964, and one analysis made by Vogt in 
1889. The total Fe content of the shipped ore ranges from 
about’ S2ePto 56%. The tigh’PWand™Ga content, the low ibe 
content, and the presence of Zn in some on themanalyses are 
ota Nae and will be discussed at a later stage. 

Saebo (1966) made the following estimate of the 
amounts of minerals of economic interest contained in the 


ore based on previous productions: 
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Pigvel. Geclogical map vot the Nissedal 
area. (From Mitchell, 1967) 
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From R. Mitchell, personal notes. 
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Minerals of economic interest: Magnetite, Hematite, 
Apatite, Fluorite, Lombaardite, Beryl. 
100,000 tons of ore would give: 
50,000 tons/yr. 68% Fe 
5,000 tons/yr. 90% Apatite 
1,000 tons/yr. 90% Lombaardite 
300etons/ yric9535 Fluorite 
2ertons/yre 95S-Beryl 
40,000 tons/yr. waste (mainly hornblende, with 
minor feldspar, sphene, mica, epidote, chlorite, zeolites, 
etc.). The total rare earths, determined gravimetrically 
by Dr. Alstad at the Kjernekjemisk Institute, University of 


Oslo, isk RE 503 = 0.17% (but Ce negligible). 
Geologic Setting and Age of Rocks 


A. Introduction: The Precambrian of Norway is part of the 
great 'Baltic Shield' that makes up most of Sweden, the 
whole of Finland, and adjacent parts of Russia. Barth and 
Dons (1960) have given an extensive report on the general 
geology, structure, metallogenic provinces and relative 
ages of the Precambrian within Norway, and they describe 
the two main areas of occurrence: the southern part, shown 


insFPig. 2, and the Monehermypert,. of which no mention will 


be made. 


B. The Southern Precambrian: This is broadly divisible 


into the Telemark area, the Bamble area and the Kongsberg 
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area aS Shown in Fig. 2. Absolute age determinations of 
various minerals and rocks give a common range of age of 
between (800 to 1100 m.yrs. (Barth and Dons, 1960). 

The Telemark region makes up the largest part of 
the Precambrian of southern Norway, forming a large granit- 
ised area separated from the Kongsberg-Banble area by major 
faultezones that show conspicuous brecciation and myloniti- 
Sablon Mee elacde part) Orethe Telemark 1s Occupied by non- 
granitised or slightly granitised supracrustal rocks sur- 
rounded by large areas of granites and granitic gneisses. 
The Nissedal supracrustals are one such series of rocks 
with which the Sgftestad ore deposit is associated. 

Barth and Dons (1960) state that no stratigraphic 
division has as yet been possible within the highly granit- 
ised sequence surrounding the supracrustals, but they rec- 


ognize three groups in the supracrustals, with a total 





thickness exceeding 4,000 meters: 
Bandak group (acid and basic lavas, quartz— 
rich sediments). 
Unconformity 
Seljord group (quartzites, conglomerates, 
schists). 
UConn Grmuty 
Rjukan group (Vemork formation (basic lavas, 
sediments) 
eae eerie ut on (acid lavas, 


Ele Sours 
(oldest) 
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The Southern Precambrian of Norway. 


(From Barth and Dons, 1960) 
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8 
Gum Theriacsedal Series: The stratigraphic position of the 
Nissedal supracrustals is uncertain (Mitchell, 19627)in Barth 
encebkertann (l963hustate thatetherSeljord quartziteseare 
terminated to the south (i.e., some 20 km. north of the 
Nissedal area) by gneiss and granite, but that "metasedi- 
ments reoccur in synclines within the gneiss granite, e.g. 
the Nissedal area on both sides of Lake Nisser." Mitchell 
(1967) noted the apparent complete lack of metasediments in 
the Nissedal series, stating that the only rocks that could 
be sedimentary in origin are quartzite blocks in the agglo- 
merates, which could be derived from an equivalent of the 
Seljord quartzites. As will be discussed later, skarn min- 
eral assemblages have been observed in several rock samples 
studied for this work from the S¢festad area, indicating 
that metasediments do form at least a small portion of the 
Nissedal rocks. 

Stretching from the west shore of Nisser north- 
eastwards towards the south shore of Flavann, the Nissedal 
supracrustals cover an area of approximately 200 sq. km. 
Thes most important rock types are: amphibolites, hyperites 
ane udabbrolLCerocks  leptites, S6degardites (hornblende- 
scapolite rocks), agglomerates (basic And acidic), Guarcezo- 
feldspathic gneisses and schists, migmatites, hornblende 
schists and gneisses and banded gneiss (Mitchell, L267)% 
Their distribution is shown in Fig. 1 (Mitchell, LGU). 


The amphibolites are the most abundant rock types within 
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the region. 

Three periods of deformation are recognized in the 
Precambrian of southern Norway (Wegmann, 1960): the first 
two periods involved folding, metamorphism and emplacement 
OPeincrustonssatsVarying Jevels-in) the crust; the super-— 
position of these two deformation periods produced complex 
structures? The third’ period producedtlarge shear: zones 
that dissected the whole recrystallised basement into great 
rhombohedral slices, with some later deformations and ad- 
justments continuing into the Caledonian and Permian ages. 
These three periods of deformation are recognizable in the 
Nieisedalirocksiand withinethes orenbodygra(Mitchell ,al967)+ 
iMdrcating@an identicalsetéctonicehistory, fer both’ therere- 


deposit and the country rocks. 
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CHAPTER it 
THE ORE DEPOSIT AND ASSOCIATED COUNTRY ROCKS 


ingroduction 

Me G@ttectad cre lies within the so called "S¢fte- 
Seadeqnevssl (kvienmL9ol)), wamcheis sa quartz-biotite-horn- 
blende gneiss having varying amounts of sphene, apatite and 
iron Oxides as accessories. Mitchell (1967) concludes that 
the hornblende gneisses and schists of S#ftestad represent 
amphibolites which have been slightly granitised, and in- 
deed sections of the associated amphibolites studied re- 
semble the hornblende gneisses in general texture and miner- 
alogy; the hornblende gneisses show a more pronounced 
gneissosity and a slightly higher content of quartz ands bio 
ite. 

With more intensive granitisation, the hornblende 
gneiss grades into granite gneiss to the south (Pag Saili)s; 
with much of the hornblende being converted to biotite, 
and an increase in the amount of quartz taking place. To 
the north, hyperites, metagabbros and Sdegaardites occur in 
close association surrounded by amphibolites, and Mitchell 
(1967) states that an intrusive contact could not be ob- 
served between these two groups due to intense metamorphism 


and recrystallisation. 
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Ore Deposit and Configuration with 
Respect to Wall Rocks 


The field aspects of the S#@ftestad deposit have 
been described by Kvien (1961) and briefly by Mitchell 
(1967 )mem The ore lies on the western limb of an easterly 
trending syncline, striking generally N-S and dipping 40° 
@astwards) on the surface. Thinyand tabular in shape, the 
ore has a Sinuous cutcrop, due to the effects of the two 
PerL_ocs, Of folding. 

Thesore Dodyels totally conformable with the en- 
closing gneiss, and for the most part contacts are sharp, 
but Kvien (1961) notes that in places a considerable evi- 
dence of replacement of the hanging wall is seen. 

in the wainmmediate vicinity, of the mine, the ore 
could be considered to be made up of three "lenses," one 
in the northern sector, one in the central region and the 
third in the southern part. Considerable compositional 
variations are observed throughout the mine, but generally 
the northern lens is mainly composed of banded, fine 
grained magnetite and apatite, with very little hematite; 
the central lens is composed of a "brecciated," medium 
grained magnetite-hematite ore (60:40), while the southern 
lens is mainly composed of a striped hematite-magnetite ore 
which exhibits a gradual increase of hematite with depth. 
Kvien (1961) concludes that the ore of the northern lens is 
a "relict" ore which has been altered to the medium grained, 


brecciated ore of the type seen in the central lens. 
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Anlanteresting aspectiof the /ore-zone lithology is 
the frequent occurrence of skarn rocks especially in the 
central banded magnetite-hematite sector of the mine. 

Kvien (1961) noted their presence, but gave no explanation 
regarding their origina:,Several samples studied afortthis 
wonke,sbothefromawithin thesore §z0ne ane) GOUmEryscocks, were 
found to be essentially skarn mineral assemblages. As will 
be discussed more fully in a later section, it is possible 
that the Séftestad deposit is a skarn type deposit formed 
by the metasomatic introduction of iron by fluids mobilised 
DEPOT COMOLTaUrIng the process 1of metamorphism and graniti- 
sation. This raises the possibility that at least a small 
portion of the original rocks that make up the supracrustais 
in the Séftestad region could have been calcareous sediments 
whose primary features have been cestroyed by intense meta— 
somatic activity and metamorphism. Such rocks DYOVide Ssult— 
able sites for the deposition of iron, and explain the pres- 
ence of skarn rocks associated with the ore. 

Younger lithologies of the ore zone are represented 
by pegmatite and lamprophyre dykes thatectii®# thekore,. anbeg-— 
matites are especially common in the southern part of the 
mine, the largest measuring 17 m. in thickness and striking 
NiIL538 iwith eacdiprofiet0.% eastwards (Kv Gn ~tloG.) aralhewlanp— 
rophyre dykes are the youngest rock -type, cutting both ore 
and pegmatites. Kvien (1961) describes these as campton- 


ites, but from the absence of olivine, the presence of 
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clinoamphibole (cummingtonite) and diopside as phenocrysts 
in thin sections of lamprophyre samples studied, this rock 
type is determined to be spessartite. 

Minativy ecilonr: tesanrd caleite=veins that pararich 
the ore zone in the footwall cut the pegmatites and the 
lamprophyre dykes, and appear to occupy Mrrote tat Ltrs 


(hyien worl ou). 


The Country Rocks 

Thin sections of over 60 rock samples from the ore 
and adjacent country rocks, as well as from more distant 
locations within the supracrustals were studied for this 
work. These rock types include: biotite-hornblende 
gneisses, amphibolites, skarns, metagabbroic rocks, ode- 
gardites, quartzo-feldspathic gneisses and lamprophyres. 
The general distrabutron of the main rock types within the 


Nissedal Series is shown in Fig. 1. 


A. Biotite-hornblende Gneiss and Amphibolites 

As mentioned earlier, these two rock types have a 
very similar mineralogy, and differ only sine texture snd 
normative contents of the constituent minerals. The Nery 
blende gneisses show a more pronounced gneissosity and 
slightly higher contents of quartz and biotite, grading 


into amphibolites with less granitisation (Table De 


Texture: Hornblende gneiss, with varying amounts Gi pio 


tite, forms the country rock immediately adjacent to the 
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Ore deposit. pelarkegrey sinscolour,yand.generally,fine 
grained, the rock exhibits a moderate to fairly well de- 
finedstOlvarion,duesto thegalignmenteand banding,of.bio=s 
Pe tem anegenornbiende porphyrop lasts .swineatextuyesis,gener~ 
allyscrystalloblastic (Plate .tiic) wwith,both plagioclase 
and oriented calcic amphibole grains having comparable 
eizes,) BOrVetMesampnibolites, thestexture becomes} more 
porphyroblastic, with coarser, sub-oriented and sub-idio- 
bleasticahorblendewgrainse.occurring dma,finer;grained 


plagioclase. 


Mineralogy: The essential constituents of both rock types 
are plagioclase and calcic amphibole (mainly hornblende), 
with minor biotite, quartz and potash feldspar (in the horn- 
blende gneiss) occurring in varying amounts. Sphene, epi- 
dote, abatite and irom ore torm the important accessories. 
In ore impregnated samples, allanite forms rims around iron 
oxide grains. 

Plagloclase forms che dominant minerals of tne horn 
blende gneiss and amphibolite. In the hornblende gneiss, 
it occurs as interlocking, generally xenoblastic to sub- 
idioblastic grains; untwinned grains are encountered much 
more frequently than twinned ones. In the amphibolite sam- 
ples) the plagioclose tends to be more idioblastic, and 
twinning is more frequent. In both rock types, twinning 
usually follows the simple Albite law, with Pericline twin- 


ning subordinate and Carlsbad-albite twinning rare. From 
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the maximum extinction angles of albite twins, the composi- 
tion of the hornblende gneiss plagioclase ranges from al- 
bite’ to oligoclase (An, = An, ¢) i most of the amphibolite 
plagioclases show pretty much the same range, but for two 
Samples (nos @268°and? 270) compoSitions™of Anes to Ang 
(calcic labradorite to bytownite) were recorded. 

Saussuritisation is a common feature of the plagio- 
clases in these rock types, and frequently blebs of epidote 
after plagioclase are seen in the altered sericitic mass, 
probabil y-aue- to thes errects Of retrograde metamorphism. 
Undulatory extinction and bending of the twin planes due to 
the effects of strain are frequently seen features in the 
hornblende gneiss plagioclases. 

Potash feldspar (microcline) occurs in minor amounts 
in most hornblende gneiss samples (rare in the amphibolites) , 
and forms xenoblastic grains interlocked with the plagio= 
Clase grains. It also occurs as coarser prophyroblasts* 
Sausseritisation! is Tessa common than inthe plagiocleses, 
and in many cases the potash feldspar remains unaltered 
next to the saussuritised plagioclase. Evidence of plagio- 
Clase being replaced by potash feldspar is seen in some 
sections. 

Hornblende forms the dominant ferromagnesian min- 
eral, occurring as fine to medium-grained porphyroblasts. 

In the hornblende gneisses, it forms clusters, pods or aLs= 


continuous bands of oriented, xenoblastic grains, while in 
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the amphibolites it tends to be coarser, more idioblastic 
and less oriented giving the rock a poorly defined folia- 
tion. In rarer cases, it occurs as coarse, poikiloblastic 
grains in both rock types. 

The calcic amphibole in some samples is markedly 
blue, indicating a more hastingsitic composition. In a few 
oxide-rich hornblende gneiss samples, ferroactinolite co- 
exists with blue-green hornblende; such two calcic amphibole 
assemblages imply the existence of a solvus, provided the 
two amphibole phases are in mutual equilibrium (Ernst, 1968). 
In some sections of ore zone samples, hornblende is seen re- 
placing biotite. . Kvien’ (1969) has noted that away from the 
ore-body, the gneiss is richer in biotite compared with the 
wall rocks. 

In most ore sections, the oxide phases grow in close 
association with the ferromagnesian minerals, and in some 
the iron oxide minerals are found replacing the ferromagne- 
Sians (Plate I(g)). 

Biotite forms fine, oriented idioblasts dissemin- 
ated throughout the hornblende geniss; it is less abundant 
in the amphibolites, but occurs in the same manner. In 
both rock types, its normative content varies widely, being 
absent or rare in some samples and constituting up to 20% 
of the rock in others. Prehnitisation and chloritisation 
of the biotite grains are frequently observed (Plate I(a), 


(e)), indicating retrograde metamorphic effects. 
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In some hornblende gneiss samples, phlogopite (ZY - 
pale red brown, X-pale yellowish to colourless) has been 
observed in minor amounts. 

Quartz is very minor to absent in the amphibolites, 
Wid Lewit porme=up tom ce ofthe =roral=mineral—constituents 
im the Hormblende gneisses jt cecurs las fine xenoblastic 
grains with jtthe-plagioclLase. 

Sphene is an important accessory in both hornblende 
gneisses and amphibolites, occurring in amounts of up to 5% 
in some samples. It occurs either as fine euhedral grains 
Or=forms rims around tutanhematite grains (Plate I(g)), bio- 
ites ancoplegioclases. (Plate. J (h))-. It is among the lat- 
est formed minerals in these rock types. 

Apatite is another common accessory mineral, espec— 
ially in the ore-impregnated samples. In the amphibolites, 
it occurs as individual grains scattered through the rock, 


while in the ore-rich hornblende gneisses, it forms short 





bands closely associated with the oxide bands (Plate ETL Ga a ee 
Epidote is also a common accessory, occurring as 
fine, disseminated grains in both hornblende gneisses and 
amphibolites. It also occurs as fine, needle-like grains 
With Sericite asian alteration product jof plagioclase, and 
in some cases forms rims around iron oxide grains (Plate 
Pii(e)) 4 Im cré-ri¢h horablende gnetss samples, allanite 
frequently forms rims around oxide grains; it is possible 
that this mineral is lombaardite, a rare-earth rich variety 


of allanite as indicated by Saebo (1966) (see Ch. I). 
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Other less important accessories noted include: 
rare garnet grains in hornblende in one amphibolite sample 
(Plate I(f£)); gypsum and anhydrite in one ore body sample 
(Plate I(g)), in which the very fine-grained gypsum appears 
acha secondaryymineral #£idlinglanetherspacenbetweengthe 
hornblende gneiss mineral grains. 

Modal analysis figures and a modal analysis diagram 
for the amphibolites and hornblende-gneiss are given in 


Tables? anderag ner 


Bem cokarn ROCKS 

Two types of skarn are recognized in samples from 
the Sgftestad area: andradite-bearing pyroxene skarn and 
pyroxene-amphibole skarn. Both types are well-foliated and 
rich in ore minerals (mainly titanhematite). 

The andradite-pyroxene skarn has a porphyroblastic 
texture, with a wide variability in the graxn sizes of the 
constituent minerals. The pyroxene is hedenbergite 
CRe Ge eleeio tm pOSs tt Vemma xia liye? Ve 60 {a0 0meg, 22 ts A 
which is markedly pleochroic (yellow-green). It occurs as 
fine to medium grained porphroblasts in a xenoblastic, 
saussuritised finer grained plagioclase. The plagioclase 
composition ranges from An, to An3, (Gal GucsGia goclase se 
sodic andesine); the albite twinning appears to be on the 
verge of being destroyed due to the general saussuritisa- 
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Andradite-rich garnet (determined from x-ray powder 
photogeaphs)isoccursrbothtasufine idioblasticrto sub-idio= 
blastic grains and as coarse xenoblastic aggregates that 
form crude bands between oxide layers (Plate II(e), (h)). 
Many grains have small plagioclase cores, indicating that 
the garnet formed by replacing the altered plagioclase. 

Epidote occurs both within the cores of garnet 
grains (Plate II(e)) and as an outer rim on other garnet 
grains; this either indicates a coincidental growth of the 
two minerals (both formed by replacing plagioclase), or 
that some epidote formed later by filling in vugs that are 
formed when the higher density garnet replaces the plagio- 
clase. 

Medium to coarse grained apatite occurs as bands 
closely associated with the iron oxides, in much the same 
way as the other ore-body samples. Allanite fills in 
cracks and inter-granular space of the apatite grains, and 
also grows along the grain boundaries iE the oxide bands 
by replacing the oxides. 

Calcite and quartz are rare minerals of this rock 
type;  calcmte sin part “forms by xeplacing (some garnet. ~ sine 
ore oxides form crude bands that wind along the plagioclase 
grain boundaries, and almost appear to have formed by fill- 
ing spaces between grains (Plate II(h)). 

The pyroxene-amphibole skarn again exhibits a por- 


phyroblastic texture. The principal mafic mineral is 


ww Re . 6b 





22 
hedenbergite, occurring as fine grained aggregates. Fine- 
grained laths of ferroactinolite frequently rim the heden- 
bergite grains, and have grown by replacing them (Plate 
PDE (ayy 

Plagioclase is much less Bpoundant in thie type of 
skarn compared to the andradite-pyroxene skarn described 
above. It has undergone almost complete alteration, and 
twinning has generally been destroyed. Epidote has formed 
by replacing the altered plagioclase, and Calcite occurs 
in minor amounts with the epidote. Apatite and allanite 
occur in much the same manner described above. 

The iron oxides in this type of skarn are found 
closely associated with the ferromagnesian minerals, and 
at least in part they have formed by replacing them; they 
form fine to medium grained porphyroblasts, with theme long— 


est dimensions oriented parallel to those of the amphiboles. 


C. Metagabbroic Rocks 

These rock types are found distributed in the area 
north of the ore body, enclosing Nissedal village and ex- 
tending north and north-east (Fig. 1). Unlike the horn- 
blende gneisses and amphibolites, whose original features 
have been destroyed by metamorphism, the metagabbroic rocks 
exhibit textures indicative of the gabbroic nature of the 
parent rocks. 

One of these is a corona texture, typical of meta- 


morphosed gabbros (Plate Pine) )\aeciusters, OF. tine, 
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xenoblastic hornblende grains, usually with central cores 
of ilmenite, are rimmed by radially arranged hornblende 
Laths...The,whole.cireular patch of hornblende.grains is 
enclosed in coarse, sub-idioblastic laths of plagioclase 
of oligoclase-andesine composition. 

In samples that have undergone more severe deforma- 
tion, a symplectitic texture has developed, with very fine- 
grained untwinned plagioclase intimately intergrown with 
fine hornblende. 

Amhacam@dedseecsOLvalterabloneissobserved-insallythe 
metagabbroic samples examined. Scapolitisation and saus- 
Suritisation, of the plagioclase, .and leaching of magnetite 
from composite grains of magnetite and ilmenite are com- 
monly seen features. Skeletal grains of ilmenite are en- 
GlLocecuLnmt inewhorns endesand biotite, swhich,themselves 
haveseiveyrims.ot.untwinned secondary plagioclase. (Plate 
fide) saesaussuritisedsandescapolitisedjplagioclase,forms 
the groundmass. 

Breeree py roxene (hypersthene?) CCCULS BLuGsOme na 
mounts, and is being replaced by hornblende. 

The approximate normative constituent of the meta- 
gabbroic minerals is, on the average: Plagioclase (50%), 
hornblende (35%), biotite (2%), pyroxene (3%), scapolite 


(5%) and Fe-ore (5%). 
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D. Other Rock Types 

Although not immediately associated with the S¢gfte- 
stad ore, other rock types from the Nissedal area have been 
examined in order to obtain a better understanding of the 
varied lithologies of the supracrustals. These include 
quartz-feldspathic gneisses and Cdegardites. 

The quartzo-feldspathic gneisses exhibit a crystal- 
PoPplastic=cexture (Plate Tit(d)), with plagioclase, micro- 
cline and quartz forming the dominant constitutents. Quartz 
(15%) occurs both as coarser xenoblasts interlocked with the 
feldspars, and as finer, probably later-formed generation of 
grains inbetween the coarser mass. 

PRagroclvase "(002)" rs the principal feldspar, and 
Poor olicgeclase™ compositron,. It™is for the most part un- 
twined and occurs as anhedral grains with the quartz. Mic- 
rocline (15%) occurs in the same manner as the plagioclase. 
Both feldspars show slight saussuritisation. The rock is 
given a schistose aspect by the alignment of fine grained 
Dretice. 0/3). and hornblende /(3%) latins. 

Two samples of Gdogardite (hornblende-scapolite 
rocks) have also been examined in the course of this work. 
This is a coarse grained rock composed of lenticular patches 
of hornblende (40%) 2 to 4 cm. in length set in a greyish- 
white scapolite (v508). Magnetite (10%) occurs as acces- 
sory. The scapolite has formed by extensively replacing 


OniginalsteldsparmeeMitchelly (1967) \suggestsuthatsthe 
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Nissedal Sdogardites were formed by secondary pneumatolytic 
alteration of pegmatitic rocks. 

In addition, samples from the lamprophyre dykes 
that cut both the ore and pegmatites have been examined. 
The texture of the lamprophyre is porphyritic (Plate II 
(a) and: iy wethrine grained anhedral Mathsvottbrown 
cummingtonite (biaxial, positive, 2V090°, length fast; rex- 
Tincrvonsangie v14°) and anhedral colourless diopside (high 
PVerpositive; biaxial, Length slow? extinction angle vA5°) 
in a fibrous zeolite plus possibly a little plagiociase 
ground mass. The zeolite is identified as thomsonite (bi- 
Axveal, positive, length fast, birefringence 0.007, R.I. 
w1.55). Some biotite and Fe-oxide occur as accessories. 
Diopside is being altered to cummingtonite in places, and 
the magnetite (?) appears as skeletal grains. The probable 


reaction can be represented as: 


7(Ca,Mg)Si0, + Fe’ + Sid, + H,0 > (Mg,Fe), 


: SPF ; ‘ 
Sig0.. (0H), + Ca (into zeolite)® 


From the mineral associations, the lamproplyre is 
identified as spessartite rather than Camptonice Mi tonal, 
TO6um Ky Lear lo Oe) een ce olivine is absent and clinoamphi- 


bole and pyroxene Occur as phenocrysts. 


E...Metamorphic .Grade, ofthe Nissedal Rocks 
The hornblende gneisses and amphibolites form the 


dominant rock types of the Nissedal supracrustals. The 
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important mineral associations in these is as follows: 

Hormolende — Oligoclose = Biotite - Quartz 

Hornblende - Oligoclase - Epidote (- + Biotite) 

Hormblende — Oligoclases— = ei10tite - Chlorite - 

- Prehnite 

Hence an amphibolite to epidote amphibolite facies 
Giemetamorpnicm 1s indicated... Culorite and prehnite are 
the result of retrograde metamorphism. Mitchell (1967) 
states that the superposition of two metamorphic periods 
accounts for the occurrence of amphibolite grade rocks in- 
termixed with rocks of epidote amphibolite grade. The 
author attributes the second period of metamorphism as 
causing the retrograde metamorphism of pre-existing amphib- 
Olitergrade rocks, since thetgranitisation that accompanied 
this second period indicates temperatures of 500-600°C (as 


@pposedrtois50.— 750°C8for the ampnibolite facies). 


Them brongOxr1de| Phase 

The general mineralogy and texture of the three ore 
lénsespingthe immediate vicinity of the Sgftestad mine has 
been briefly described in a previous section. A consider- 
able compositional variation of the ore is observed through- 
out the mine with respect to the amounts of magnetite vs. 
rahe eid ie es and such variations are evident even in dif- 


ferent sections of the same sample. 
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A. Ore Mineralogy and Texture of the 
Ore done 


The Sdéftestad oxide phase has a relatively simple 
mineralogy: magnetite and titanhematite, occurring in 
Varying proportions, constitute the iron and titanium bear- 
ing ore minerals. The ore samples range from a totally 
IMagnetite to titanhematite-rich ores. Ilmenite is totally 
absent in all the examined sections of samples from the 
mine. Hercynite makes a rare appearance in the magnetites 
Ofvantew Samples, occurring as tiny spot or lens-shaped 
blebs (Plate VI (¢)). 

(Nete sw athesterm ore jis applied here to those 
samples in which the iron oxides constitute greater than 
ACG te Onmeene Fock.) 

Texturally, the ore can be classified into the fol-— 
lowing types: 

(a) Layered, well-foliated magnetite-apatite or 
magnetite-apatite-titanhematite ore (Plater lVila)y)y which, 
from Kvien's (1961) description of the mine, represents 
the type of ore encountered in the northern lens. The mag- 
netite and titanhematite grains are generally flattened and 
elongated in the direction of thertolvation, sand sdul tes res 
quently form coarse to medium sized bands whose direction 
is aes parallel to the foliation direction in the rock. 
Magnetite predominates over titanhematite. Medium sized 
grains of apatite, with their longest dimensions oriented 


parallel to the banding, occur in close association with 
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themoxice Grains. Other minerals that occur inbetween the 
Gs Gesbandenare plagioclase, @hornblende, £Lerroactinolite, 
sphene, allanite and epidote, and rarely gypsum. 

Polysynthetic twinning in the coarser titanhematite 
grains, especially those that makeyup the coarse bands, is 
frequently observed in this type of ore (Plate V(a), (Jad+)eis 
Such twinning is absent in the finer grained titanhematites 
that occur disseminated between the bands. This feature 
has been noted not only in the ore body samples, but also 
in ore-rich amphibolites and skarns. Edwards (1960) attrib- 
utes such secondary twinning in some ore minerals to slight 
slipping movements of the order of one atom diameter during 
a deformation period, giving an apparent rotation of adjac- 
ent portions of the deformed grain through a 180° angle. 

In the case of titanhematite, such movements preferentially 
take place, along /the)(0001). plane»in) the:direction ,of (1010) 
(Edwards, 1960); the shearing forces set up by the inter- 
ference of crystal grains during growth becomes sufficient 
to induce twinning. The twin planes of many such grains 
are bent and broken in the ore body samples due to contin- 
uing stress after twinning. 

The reason why secondary twinning is restricted to 
the coarse titanhematite grains that form the bands is not 
autecethericlear. lt may reflect a post-deformational 
growth of finer grained titanhematite in between earlier 
deformed bands. No twinning is observed in the magnetite 


Grains peprobably, due jtoythe greater hardness and more 
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brittle nature of magnetite which breaks or fractures dur- 
ing deformation rather than glide. 

Replacement relationships between magnetite and 
titanhematite are hard to find in the ore body samples. 
Granular bards of magnetite coexist side by side with gran- 
ular bands of titanhematite with no recognizable replace- 
ment features at the grain contacts. In a few samples mar- 
titisation of some magnetite grains is observed (Plate Ix 
(g)); the alteration to hematite is most pronounced at the 
margins of the grains or along cracks, extending irregularly 
Waeeethe magnetite crystal. In the particular example given 
(Plate LV.g})s, ehe TiO, content of the martite was found to 
be only 0.2 wt %, while other coexisting titanhematite grains 
contained fup ito +l wt & Ti0. ies OL Gaso Latevon 

Edwards (1960) states that when hematite gradually 
replaces magnetite by oxidation, there comes a stage when 
no magnetite is left, but its previous presence is Vindcated 
byiea SiWidmanstatten” “-like texture in tthe hematite Soesuch 
textures have not been observed in any of the titanhematite 
grains from Sgfitestad. It is possible that the titanhema- 
tites represent a primary oxide phase like the magnetite, 
though some hematite was formed by direct foxidatxron 4eL *mag- 
netite. 

The second type of texture is the granular type of 
ore texture, with fine to medium grained oxide grains show- 


ing little ox no foliation (Pilate a. v.(b)i,(C)) sBoth 
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30 
titanhematite-rich and magnetite-rich ores show this type 
Of texture which probably results from a more intense de- 
formation and recrystallisation of the above type of lay- 
ered texture. Such ores are representative of the central 
ore lens described by Kvien (1961). The grains are more 
rounded and finer grained than the above type, and tend to 
be equidimensional (Plate IV(b)); in some samples, the tran- 
Sition fromithe more foliated. texture to the granular type 
texture is seen by the coexistence of finer, more rounded 
grains with coarser, tabular, oriented grains (Plate IV 
(c)). 

teers notable thet in this type of ore, lamallar 
twinning in the titanhematite grains is rare or absent, 
Witches DOscSsibiy ansindilcation of the qreater degree of 
recrystallisation that destroys such textures. 

At the extreme end of the deformation process, mag- 
Neriteroreswexntbit a cataclastic texture (Plate IV(d)), 
due to the hardness of the magnetite grains which shatter 
into fine fragments under intense stress. No titanhematite 
ores with this type of texture have been observed; the rea- 
Sonmprobablvyeltesein the sract that beyond ascertain crit— 
ical amount of deformation, less brittle minerals (like 
hematite) anneal and grow by a process of gradual absorp- 
tion of some grains by others through boundary migration 


(Edwards, 1960). 
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B. Ore-Mineralogy and Texture of 
the Country Rocks 


Magnetite and titanhematite are abundant accessor- 
ies of the hornblende gneisses, amphibolites and skarns. 
They normally occur in amounts of up to 10%, though in some 
ore-impregnated samples, the proportion rises to greater 
Ehawe25¢80f the rock. 

The iron oxides generally occur as fine to medium 
grained porphyroblasts, oriented parallel to the co vation 
in the same way as the ferromagnesians. In oxide-rich sam- 
ples, the ore minerals form short wavy bands (Assi neelace 
Iv(e)). No ilmenite has been found in these rock types as 
in the ore samples. 

The metagabbroic samples, on the other hand, show 
a notable difference in ore mineralogy and texture compared 
to the above. Hemo-ilmenite is present in all samples of 
these rock types examined, occurring in one of three ways: 

(iVecscerines exolution” alameltac in magnetite 
(Ptatesy (cc) ia which, the hemo-ilmenites, elongated paral- 
Pe tetort ner: a(O00))) divec tions a) temic (Lib) tdvrections 
of the magnetite (Friedrich, 1966) enero CiiwOt soUCImeCITS 
tures in magnetites is attributed to the Gxidaklons Ou sexs 
olved ulvéspinel originally present in the magnetite 
feecereton et al, 1964), and will be discussed more in 
Ghrwe BED. 

(ii) As granular aggregates closely associated with 


magnetite grains that have hemo-ilmenite lamellae. The 
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lamellae are in optical continuity with the hemo-~ilmenite 
grains in contact with the magnetite, and in many cases are 
connected to them (Plate VI(a)), indicating that the hemo- 
ilmenite grains have formed from the magnetite by an out- 
ward ionic diffusion to the magnetite grain borders. 

(isi JeAsuckeletalyemacnetate- treet grains) (PlatesaV 
(d), III(e)), in which the sites occupied by the former mag- 
netite of the above type (ii) now have amphiboles and bio- 
tites for the most part, and occasionally fine grains of 
goethite-rimmed pyrite. This is a common form ome occurence 
of the metagabbroic ilmenites, and the fact that magnetite 
has been extensively leached out from these rock types may 
have a significance with regards to a source for the iron 
deposit, as,is<diseussed,ainrCh. IV. Titanhematites or hem- 
atite is absent in these rocks, but in one sample (no. 181, 
Plate V(e)) extremely fine, discontinuous lamellae of peob— 
ably titanhematite occurs within the iimenite. eThe lamellae 
disappear. in) ither vicinity) of; the magnetite-ilmenite grain 
contact, and are the product of direct exolutLon- from an 
ilmenite hematite solid solution which formed by the oxida- 
tion of the original ulvdéspinel component of the magnetite: 

APetTa Opes 00lwe 2heTiL0e 7 ta 2re.0 (Buddington, 


Zz 4 a S Pa 
et yetle;- 9,6.4)) 


The Sulfide Phase 
Sulfide-rich patches are reported to occur in certain 


sections of the ore-body (Kvien, 1961; Aamo, 1950) see Vv oLee, 
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Ghalicorvsite)mbosni temand ichalcociteyare theyprincipalssul- 
fides that occur with the ore, and Mitchell (1967) consid- 
ers those to be primary minerals formed with the ore. 

Thethe Samples examined, bornite and chalcopyrite 
together with pyrite form the dominant sulfide minerals; 
chalcopyrite occurs as coarse granular patches with Lreeq= 
ular boundaries in the bornite host. The two minerals form 
extensive soild solutions at temperatures above 475°C, at 
which temperature they are in a state of disorder (Edwards, 
1960). Rapid cooling results in unmixing, with the develop- 
ment of crystallographic intergrowths of one mineral in’ the 
(111) plane of the other. However with slow coolang,\the 
exolution bodies diffuse rapidly to the grain boundaries of 
the host, and segregate as free grains, so that a GGenular 
texture results? 

Brett (96) states! that inegeneral, the more con- 
centrated the initial solid solution, the less common are 
lamellae as the final exolution product, since lamellae can 
result in less concentrated solid solutions experimentally 
cooled at a very slow rate. Hence at Sgftestad, ce ae: 
reasonable to assume that the initial concentration of the 
solid solution was high and cooled at a rate slow enough 
to produce the lenses or mutual boundary textures rather 
than lamellae. 

Narrow, elongated strings of unconnected chalcopy- 


rite grains iftorm broad: "rims" around sections of the bornite 
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hest. eelhis M's thhe Htypiicallrim?texture" » (Edwards , °1960) 
Ghateresultic from the unmiscing*oft chalcopyrite-bornite 
Solddesolumone y+ local bormnute Ts "altered™to*covel™ 
Lateef 

Pyrite forms well~shaped grains in close associa- 
Chonmewremectalcopyrite (Plates=Vig)t;(1))-- and appears to 
have f£ormedlater than the "chalcopyrite, “2t “rrequently 
occurs at the edge of chalcopyrite grains, and has grown 
inwards. #'P later V(g)* illustrateswthis well, in which the 
shape Of #the Originall oucline™ofthe ‘chalcopyrite grain 
remains essentially unchanged as the pyrite grows inwards 
into the wchalcopynites, Often, there is a rim of goethite 
around. pyrite. grains. 

im rere cases, chalcopyrite is seen to replace 
Garlter formed pyrite. Thais appears to indicate more than 
Oner period Of chalcopyrite Lormation. 


sultice-oxide Relationship, and Para- 
genetic Sequence of Crystallisation 





Magnetite occurs as well-shaped grains with the sul- 
fides ibue hematite is) absent. |) From polished Section sc cud- 
ies, it appears that the sulfide phase was introduced after 
the crystalisation of the magnetite; this is well exempli- 
fied by Plate V(h), which shows bornite in contact with mag- 
netite (to the bottom left, bornite-chalcopyrite unmixing 
isuseen). Veins of bornite and covellite extend into, magne— 


tite from the bornite-magnetite contact, indicating the 
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39 
bornite to be the later formed phase, filling in cracks and 
irregularities in the magnetite. 

Chalcoevrite formespertseal Tims around magnetite 
Grains; and like the bornite, extends into the cracks and 
prokem edges, In the metagabbroic Tilmenites, pyrite and 
hornblende fill in the space formerly occupied by magnetite. 

Hence, }the paragenetic) sequencesof*ore mineralocrys-— 
tadbisation “at iSdftestad appears itoybe: 

1) Magnetite (+ titanhematite) 

2) Ilmenite (in the metagabbroic oxide phase) 

SheChalkcopyriter= bornite 


4) Pyrite, goethite 


oe 


/ >) 
bos atonto mi. philiii .onedq bomok tetel sds od-o¢ of bemed 





silsomem et 5E 2st teedepeag® 
ois eel bers L6Q eargot etitpgou fen a 


eft ogni 2hoatxs ,stbuvead atid etil Bae (aaa 
ead irraaft rocdvigpesan See ay eon nadord 


iroho -yitswzot soda edd al [itt ebrataaee 


ima 7oO snocoyvpes-pigsnepereg Sie vere 


7s | exysocgs bpgesdhet te woisesckiies 
titomatassid +). etigogpalM{Z 
\chbddsrs som ads mee) ed ceemtT dt 


ittrod - £ieryee@o isd), ¢§ 


.ofsQgp «Strays oe 
oe 
: ay a 






7 





36 


CHAPTER III 
ANALYTICAL RESULTS AND DISCUSSION 


Introduction 

After initial examination of the samples collected 
from the Séftestad area, about fifty were selected eco rep 
resent the main mineral assemblages with which the Fe-Ti 
oxide phases were associated. Polished Sectrons Of these 
samples were prepared and grouped according to rock type, 
Bano major andetrace clement analyses were performed for co- 
existing oxide phases of about thirty Samples; utilizing 
an election probe microanalyser. Pnalyvsismeor fe, efi, and 
Mg was also performed on coexisting calcic amphiboles and 
biotites of some S#@ftestad rocks. 

The results of the amphibole-biotite analysis are 
Guvenminatable @ 7 sethreelof the samples (nos. 922, 40, 267) 
are ore-rich hornblende gneisses, one sample (255) is an 
amphibolite, sample 211 is a metagabbroic rock and sample tetas 
ismaneaciaugqneiss.) Tables: 4-/ 7 show the resultssopacnerox— 
ide analyses; thirteen of the samples listed in Table 4 
come from various sections of the ore body, the country 
rock being hornblende gneiss. The amphibolite oxides are 
grouped in Table 5, while Table 6 shows the results of the 


skarn oxide analysis. The metagabbroic oxides are listed 
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Sulfur isotope measurements were conducted on coex- 
Teting pynite Fandiichavcopyrrrewoaincss and tthe ccesults’ are 
given in Table 8. 
Distrelouclon.of (Fe, Ma and) Tein 


Coexisting Calcic-amphiboles and 
Biotites of some Sgftestad Rocks 





Partial probe analyses for, Fe, Mo and Ti was per- 
formed) £or coexisting biotites and hornblendes from three 


hornblende gneiss samples (nos. 22, 40, 287), one amphibol- 


TeEeminOm2 >> im One aranitidc Gilets (nO. 1/7) and one Nyper— 
Tees (nomi) othe result ot the analyses is shown in 
Table 3. 


The geologic applications of elemental distribution 
ratios between coexisting minerals have been reviewed by 
McIntyre (1963) and Moxham (1965), and numerous works on 
major, minor and trace element distribution between coexist- 
ing silicate phases are found throughout the geologic ies 
erature of the past two decades. Works by Kretz (1959, 
1960), Mueller (1960, 1961) and Ramberg (1952) have yielded 
much information about the equilibrium relationships of met- 
amorphic minerals as expressed by their compositions and 
the chemical potentials of their constituent elements. 

These researchers have shown that: 

(i) For a range of concentrations, if an element 

forms an ideal mixture in two coexisting mineral phases, the 


concentration of the element in one mineral plotted against 
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the concentration of the same element in the coexisting 
Mineral defines™a) straight Line)of unit slope. 

(ii) At dilute concentrations (i.e. for minor ele- 
ments), the curve becomes a straight line passing through 
the origin, whether or not the element forms an ideal solu- 
tion in one or both phases; the slope defines the drstripu- 
tion coefficient K,. 

(iii) Temperature is a major factor that controls 
the slope of the distributionscurve;, with pressure having 
amnegligtble effect? ®An element distribuceion sis also 
dependent upon the ratios of other elements, especially 
the major elements, in the coexisting mineral phases. 

(iv) The chemical potential of an element decreases 
with decreasing concentration. Small concentrations of an 
element should be expected to strive towards an equilibrium 
distribution. (It is assumed that at some very low concen 
tration, material transfer of components becomes kinetically 
inhibited, and equilibrium will no longer be achieved 
[Moxham, 1965].) 

Figures 4, 5 and 6 show the GustrEbDutLonP OL rey. MG 
and Ti respectively between coexisting calcic amphiboles 
and biotites of some Séftestad rocks. The three elements, 
together with Al, Mn, Cr, Lig erce, mOCCUnY uae octahedral 
positions in both biotites and amphiboles, and are 6-coor- 


dinated. 
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To show the distribution of iron between the two 
mineral phases, the ratio of the concentrations Fe/Fe+Mgt+Ti 
injcalcic amphibole is plotted against the same ratio in 
Dior Pepa secceneinghiaq. 4.unCunvesnuccfines the best.fit 
line between all the plotted points, while curve B repre- 
Seleset tem trondsorethe aron dieteribution for five of the 
six analysed samples (without sample 177). 

Sample 177 is from an acid gneiss, ‘and stands out 
from all the other samples by having a substantially higher 
Fe concentration (as well as a relatively higher Ti and 
lower Mg contents) in both the calcic amphibole and biotite; 
it is the only sample in which secondary ilmenite occurs as 
tiny grains in close association with the ferromagnesians, 
but none with the Ti-poor magnetites as for sample 211. 

The ilmenite grains appear to have formed from the ferroma- 
gnesian phases rather than by the oxidation of the original 
ulvospinel component of the magnetite. As will also be 
shown later from the Ti distribution, the high Fe recorded 
for this sample appears to be due to contamination from sub- 
Microscopie ilmenite phases within the ferromagnesians. 

Kertz (1960) has shown that the plot of the iron 
distribution points for coexisting biotites and hornblendes 
from skarns is affected by the amounts of aluminum, sodium 
and potassium in the amphiboles. Those amphiboles having 


a relatively high Al, Na and K content show a curvilinear 
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relationship, with the ratio Fe/Fe + Mg + Ti increasing at 
a faster rate than the same ratio in the coexisting biotite 
phase; the distribution curve is mainly dependent on the 
amount of aluminium rather than sodium and potassium, since 
the variation in the Al content of amphiboles is greater 
ChenmthateOoomNasor KK (kKretz 960). 

The curve Bin Fig. 4fappears to indicate that @such 
a non-linear relationship exists in Fe distribution between 
the calcic amphiboles and biotites of the Sg@ftestad rocks. 
Evomekretz's) (1960) findings, one could expect the calcic 
amphiboles of the hornblende gneisses, amphibolites and 
hyperites to be relatively enriched in aluminium, so that 
tiey facquire tajhighermaconcentration of aron relative to the 
coexisting biotites. (The markedly blue colour exhibited 
by the calcic amphiboles in many hornblende gneisses and 
amphibolites indicate a more Al-rich, hastingsitic composi- 
tion.) On the whole, an approach towards equilibrium is 
Gpserved withnerespect to the distribution ofeiron between 


the calcic amphiboles and coexisting biotites at Sgftestad. 


B. Distribution of Magnesium 

Table 3 shows that magnesium is generally slightly 
more enriched in the biotites than in the coexisting amphi- 
boles. Together with Fe, it forms the dominant cation 
occupying the Y-site in both mineral phases. 

For the Sdftestad calcic amphiboles and biotites, 


magnesium values range from lows of 5.8 wt. % in the 
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amphiboles and 7 wt. % in the HbroOertes {Sample 177) "to high 
values Of 11.28 wt. % in ‘the amphiboles (sample 211) and 12.8 
wt. % in the biotites (sample 40). Magnesium distributions 
are shown in Fig. 5, which shows the concentration ratio 
Ma/Mao "+ Fe +T1 in Ca-amphibole plotted against the same 
Baciouineororlte. 

The distribution points lie close to a line having 
a Slope of almost one and passing very close through the 
origin, indicating that equilibrium has been approached with 
respect to Mg distinction between the two coexisting mineral 
phases. It is notable that sample 177, whose Fe and Ti dis- 
tribution points fall out of the general trend in Figs. 4 
enapo plots very near the equilibrium distribution pcurve in 
Fig. 6. The reason appears to be that whatever magnesium 
present in the ilmenite phase within the ferromagnesians 
(described above) is negligible compared to the magnesium 
Dresent in the calcwe amphiboles and biotites, and thence 


COesenoOtwattecte the distirgbution ratio too much. 


CaeDIstrubutdon Om Twtaniunm 
Broiimtheranabytical Pesults of Table 3, it) 1s seen 
that the titanium content of the S#ftestad biotites is far 


greater than that of the coexisting calcic amphiboles. In 





the biotites of the hornblende gneisses and amphibolites 
(samplesmc cy 40) so 5oece 7 )r, Sskarn (252) sandenyperite (211)), 
the range in the Ti-content is fairly narrow Ono eacO4 Os O10 


wt. %); the calcic amphiboles show values ranging from less 
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than One etOnaboub.n0..2. Wis 3) 
The position occupied by titanium in the biotite 
structure has been subject to some debate. It appears 


SE 


likely that titanium is present both as Tap (0,68A) e.repilac-— 


3+ ot 


ing octabedrally bound Al te SI, and Fe ia eto and 
as pitt replacing some ane in the tetrahedral position in 
spite of the large ionic difference as suggested by Saxena 
(1966) midnekwakoel968),athough) no) confizmation,of this has 
been made. The content of titanium in biotite has been 
suggested to be directly dependent on the prevailing para- 
meters (especially temperature) during crystallisation; 
Kwak (1968) found that the Ti content of biotites increases 
with increasing grade of metamorphism. 

Titanium distribution between coexisting calcic am- 
phiboles and biotites from Sgftestad Le showheiharidga 6% 
A considerable scatter is observed, and there appears to be 
Hospatternaein the distribution plots. Similar situations 
have been encountered in titanium distributions between 
hornblendes and biotites by Kretz (1960), Annersten (1968) 
and to a lesser extent by Moxham (1965). Kretz (1060) Fpar- 
fiallyeaattributes»suchascatter, tombe due to the aluminium, 
sodium and potassium contents of the Calcicszamphaboles , ee 
i.e. an increase in the contents of these elements increases 
the affinity of amphiboles for both Fe and Tita Ss sOOes 


not appear to be agsatisfactory explanation in this case, 


since the calcic amphiboles show a higher enrichment in 
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iron and a much lower enrichment in titanium compared to 

the coexisting biotites. A more likely explanation for the 
apparent non-equilibrium distribution with respect to tiLGan— 
ium may be obtained from petrographic evidence: reaction 
rims of late-formed sphene around biotites are common fea- 
tures in many hornblende gneiss and amphibolite samples 
(e¥qe=Piate ©(h))7"and’smalt™secondary ilmenite grains are 
found closely associated with the ferromagnesian phases an 
some samples (e.g. sample 177). This could indicate that 

if chemical equilibrium was established with respect to 
titanium between the two mineral phases during crystallisa- 
tion, it has not been retained due to subsequent reactions; 
in this case, the abundance of sphene in most of the samp- 
les examined in close association with the ferromagnesians 
and oxide phases (titanhematites) shows tnevexidationeorsthe 
titanium phase in these minerals to sphene. Moxham (1965) 
also suggests the existence of Ti as microlites of ilmenite 
or rutile within the ferromagnesian minerals as the most 
1ikeély° explanation forthe scatter” in’ the titanium osstribu- 
tion points between hornblendes and biotites. "Sampley ly 

is a convenient example, which, as for the Fe distribution 
plot of Fig. 4, the titanium distribution falls out of the 
general plot area in Fig. 6 due to the presence of ilmenite 


microlites. 
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Oxide Analytical Results 

Tables 4-7 show the results of the analyses on the 
iron-titanium oxide phase at Sgftestad. Before a detailed 
G@uscucsionsofsthe jresultsyotptacpanalysis,,a,brief. review 
of the Fe-Ti oxide phases in the literature is given, since 
the significance of the results are better understood by 
considering previous works on these mineral phases. 

Initial surveys of the elements Ni, Co, Cu and Zn 
indicated that these elements are present in concentrations 
well below the detection limit of the electron probe micro- 
ane lysersme thes conditions efythe;analysis for the rest of 
the elements, together with an evaluation of the accuracy 
Ofpthe results are given in Appendix A. 

Since, microprobe analyses indicate only the total 
Fe concentration in a given mineral and cannot differenti- 
ate between pace and eo contents, it was necessary to re- 
calculate the total Fe results in order to obtain the true 
chemical composition of the oxides. The procedure adopted 
here is that proposed by Rumble (1971), and the complete 
scheme is given in Appendix B. | 
A. The Fe-Ti Oxide Phases in the 

bveerature 

As noted by Abdullah (1964) (iknow ledgqewot the eos 
Feo0, = Ti0. system and the nature and conditions Ola ormaq 
tion of the Fe-Ti oxide phases has been derived solely from 


work on the high temperature igneous rocks, and little 
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49 
attention has been paid to the role of these oxides in meta- 
MOtpIeTCmrOcKS . 

The above phases fall into two crystallographic 
types: the Rhombohedral Series (i1lmenite-hematite) and 
the inverse-spinel type Magnetite Series (magnetite-ulvo- 
spinel). Complete solid solution exists between magnetite 
and ulvo6spinel on the one hand, and ilmenite and hematite 
on the other, while there is limited solubility at high tem- 


peratures between magnetite and hematite (Abdullah, VOGAT 
The principal phases in the FeO. - Fe,0, = Ti0. sys- 


3 (hematite), Fe0,Fe,0, (magnetite), 2Fe0.- 


Tid, (ulvospinel) and Fe0.Ti0. (Limenite). 


tem are: Fe.0 


The Rena eomaane rice system was considered to be 
the least known and most controversial Of ally since all 
attempts at homogenising the two phases below the melting 
point were unsuccessful (Lindsley, 1961). Hence most auch 
ors have concluded that the frequently encountered ilmenite 
lamellae in magnetite are the result of Oxidallon or OLlg— 
inal ulvéspinel in magnetite, rather than exolution of il- 
menite from an ilmenite-magnetite solid solution (Lindsley, 
Leet 6l962- Buddingeon, eb al, 1963, 1964). 

The fact that oxidation-reduction processes play a 
dominant role in the development of the various oxide phases 
Te eaneen Ee by several investigators (Lindsley, 1962; 
Buddington, et al, 1765, 1964; Vaasjoki, et al, 1963; 


Annersten, 1968). Hence the Fe-Ti oxide phases provide a 


useful oxygen barometer for the rocks in which they occur, 
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50 
and winetavourable cases, |the lcomposttions|of magnetite -— 
ulvospinel ss* and those of the coexisting hematite - il- 
Menite ss are found tombe unique ~Hunctions of £0. and tem- 
peratures (lindsley™ 1962, Buccington,, et aly, 1964). 

In the literature, precise data is lacking on the 
equilibration of the Fe-Ti oxides under metamorphic condi- 
tions. Buddington, et al (1964) propose that under dry con- 
tions of metamorphism, if the Fe-Ti oxides are the only sig- 
nificant iron-bearing minerals, the effective PO, as that 
of the oxide minerals and an exchange reaction takes place: 
the magnetite gains Fe,Ti0, and the ilmenite gains Fe,0,. 
Under wet conditions when a water-rich fluid is in equilib- 
rium with the oxides, the fluid becomes more reducing rel- 
ative to the oxides upon heating, and again the magnetite 
becomes enriched in Fe,T10,. Upon seco lumg,milmenite is 
"“oxyolved" in the same manner as for primary igneous rocks. 
If the maximum temperature of metamorphism is lower than 
that reflected in the primary minerals and there is no great 
change in the redox conditions, the magnetite becomes deple- 


ted in Tid. reflecting the new conditions. The authors 


Z 
note that the oxide minerals reflect the conditions of met- 
amorphism only if they have undergone complete recrystell7] 


sation. 
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Buenbi seussion);of.OxidewAnalytical 
Results 


Reenoted in, a pactmsccrti on; itnere 1s considerable 
Variation in the normative amounts of magnetite vs. coexist- 
ing titanhematite, even in different sections of the same 
sample, for most of the ore-samples studied. The samples 
vary from totally magnetite to almost wholly titanhematite 
Ores wand no Chemicak corre#ation couldebe established in 
the compositions of the rhombohedral phases coexisting with 
Magnetite Or Occurring without magnetite. 

Tables 4 to 7 show the microprobe analytical results 
of four groups of selected samples. A discussion on the 
elemental variations in oxide phases within each group and 


with respect to other groups follow. 


i) eee tc and Um 

In magnetite, Ti, occurs either.as Fe Tid, (ulvo- 
Svine!)minncsolad solutionawithathesmagqnetite, ~or.as ilmenite 
lamellae in the magnetite host, while in the hematites Ti is 
present as ilmenite in solid solution. 

As the magnetite analyses in all the tables show, 
the Ti content of the S¢ftestad ore magnetites as well as 
those of the associated country rocks is very low, being 
less than 0.1% in almost every case. This indicates that 
there is very little ulvéspinel left in solid solution with 
the magnetites. The magnetites of Table 7 (from metagabbros 


and hyperites) coexist with hemo-ilmenite, which occur 
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either as finely exolved lamellae in magnetite or as granu- 
Jar and skeletal aggregates, while those of Tables 4 to 6 
do not have any associated hemo-ilmenites. The hemo-ilmen- 
ites of Table 7 are the product of oxidation of an original 
magnetite-ulvé6spinel ss, whereby the ulvospinel component 
is oxidised to ilmenite in the following manner. 

6Fe,Ti0, + 0. = 2Fe,0, + 6FeTi0, (Buddington, 

et al, 1964). 

A high oxygen pressure is indicated for these samples, since 
the magnetites are almost devoid of ulvospinel component. 

In the other groups of samples, however (Tables 4 
to 6), which have again very little ulvospinel in solid sol- 
ution with the magnetite, hemo-ilmenite or ferrian-ilmenite 
is absent either as lamellae in magnetite or as separate 
grains. It appears that either: 

IMmAnVeOriouraletittanlum present nas ~ditiused out 
of the magnetite grains in response to complete recrystal- 
iMcaclon(suddington, et al, 1964)5 and incorporated into 
other coexisting phases (e.g. titanhematites, ferromagnes-— 
Lats). Ol 

2) A high degree of oxidation has Occurred, whereby 
any ilmenite that may have formed by the oxidation of orig- 
inal’ was in turn oxidised to magnetite + sphene according 
to the .OlLlowing relationsiiip: 


- 


oe A+ 


3FeTi0., + 50, + 3Ca + 3Si + 3CaTiSi0, + Fe.0 
3 2 5 S54 


2 
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(Magnetite grains with sphene rims have been ob- 
Sserveds) t sAethi td possibility: 

3) The magnetites originally crystallised as Ti-poor 
magneprress.eeHOwever, 1teS@rs unlikely that ‘the ’Ti-content of 
the original magnetites would be as low as the analyses show, 
Since sphene does form reaction rims around some magnetite 
GBainstandeti taninim values *this Plow are not “recorded for 
natural magnetites unless they have undergone a high degree 
Cf Oxidation, 

The absence of rutile associated with the Fe-Ti ox- 
ide phases in any of the samples examined shows that at 
Sdftestad, ilmenite did not oxidise to rutite + Fe,0, Ox 


jaibie alist) ae Fe,0, according to the relationships given by 


Annerston (1968) for the Gallivare region of northern Sweden. 


3FeTip. + *%0 


: Sf SmEOROASEE 10 


3° 4 


, L - ; 
2FeTi0, ob 20. 5 2T10.5 + Fe,0, 


It should be noted that the Ti content of magnetites is not 
an absolute measure of PO, unless ilmenite is present 
(Abdullah, 1964- Annersten, 1968). 

The titanium content of the titanhematites shows a con- 
Siderajle variation, ranging from about 0.2 wt. 3% T1i0. (sam- 
ple 54)—to almost 10 wt. 3 TiO, (sample 40) within the ore- 
body (Table 4). Similar variations are observed in the 
Skarl associated Oxides of Table. 6 (0.6 to 6.3 wt. 3% ONY 
and the amphibolite titanhematites of Table 5 ECON Em abe Seah 


Wi <3 Ti05). In all the titanhematites, titanium is present 
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as FeTi0., (al meni-te), tin «solid ssol uti onwwith Feo0,, and no 
exolved ilmenite is observed. Sphene is a characteristic 
mineral in most of the ore-samples, forming rims around 
titanhematite grains (Plate I(g) and (i) aindicatingacouat 
some of the ilmenite in solid solution with the hematite 
has been oxidised, combining with calcium and silica 
(either from solutions or from plagioclose and ferromagnes- 
lans): 


2FeT10, + 2Ca0 + Si0, + 3/20. > 2CaTisi0, + Fe,0, 


The above reaction implies that the Ti content of 
the titanhematites with sphene rims was higher than that 
shown by the present analyses. 

The reason for such wide variations in the TiO. con 
tent of the titanhematites, not only within the country rock 
samples but also within different sections of the ore-body, 
is almost certainly due to local inhomogeneities of oxygen 
PUCGaACL LY. This may be caused by several factors, imciud— 
ing different periods of formation and subsolidus late 
stage oxidation or reduction due tomintlux Jor water £rom 
surrounding rocks (Kretschmar, et al, og) MOS ttn 
hematites show no visible replacement relationships with 
the coexisting magnetites, but some did form by replacing 
magnetites (Plate: lyVid)).. AS waseoOboer Vea slo. Oue Date. cu 
lar sample in the course of the proble analysis (sample 
215 \y lupo. possible stiacs the hematites David G eLOWen ban — 


ium contents are those that formed by subsolidus oxidation 
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of magnetite; but this could not be confirmed in other sam- 
ples since evidences for replacement could not be estab- 


lished. 


(ii) Manganese 


ae PoemuecO) Ae close Co, ctoiar 


The ionic radius of Mn 
OF PAT e ne and hence the two ions are mutually re- 
placeable. With a similar electronegativity to Recue mang- 
snescemOccuna sit sOllomsolutionsan minerals containing fer- 
Yous ion (Mason, 1966). In the rhombohedral phase, it can 
occur as pyrophanite (MnTi0 3) which is isomorphous with il- 
menite (FeTi0.) and “geikielite® (MgTi03) (Friedrich, 1966). 

As the analytical results in the tables show, mang- 
anese is enriched in the magnetites rather than the coexist- 
ing titanhematites as would be expected. Magnetite samples 
from the ore-body show a range of 0.1 to 0.4 wt. % MnO, and 
similar ranges are observed in the skarn samples and amphi- 
bolites. The titanhematites show only trace amounts of man- 
ganese, with the notable eee etn of sample no. 40 (Table 
4)" which contains almost 1O wt. & T1i0, shave! Ah ch Ohman, Sp bee, 
dissolved in the hematite. Manganese in this case is likely 
present as pyrophanite (MnTi0.,) in the same way as ilmenite 
in solid solution. However other samples having similar 


high TiO, contents (samples 22, 287 from Table As Seer rom 


2 
Table 6, 264, 255 from Table 5) don't show similar highs 


manganese contents. 
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In the metagabbros and hyperites (Table 7), the hemo- 
ilmenites show higher MnO contents, ranging from 1.5 to 2.6 
Woe sr win these too, manganese 2S Present “as MnTi0, in 
solid solution with ilmenite. 

Temperature has been recognized as a major factor in 
Gontroulmng the distribution om Mn0N between coexisting mag- 
Hetmrcmandenimenite: (Buccington we: al, 1964) .s The meta- 
gabbros and hyperites of Sgftestad show the following ranges 


in the ratio of MnO in hemo-ilmenites vs. coexisting magne- 


tites: 

Sample + #Wo. seMn0 aati mite Wt.% MnO Mt? Ratro’ MnOV' rim": Mt 
209 eo! 0.04 >40 
2 OFZ 55 Gy 2 e 
Jersgik O05 cya. 0) 


Buddington »retral (1964), found that the, ratios of 
MnO in ilmenite: magnetite are low (1-5 - 5) for oxides 
associated with diabase gabbros and anorthosites, intermed- 
iate (5 - 5.5) for quartz-bearing syenites and granites, 
and high (5 - 15 or greater) for high grade metamorphic 
rocks and some granite pegmatites. Estimated temperature 
ranges for these three groups are found to be 7/00 - 890°C 
for ‘the gabbros and associated rocks, 630 - 675°C for the 


GranaeLc rocks sand 550i - 635°C for stlie metamorphic rocks. 


- 


Latim" refers to hemo-ilmenite. 


Mt = magnetite 
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In accordance with this data, the Sgftestad metagabbros and 
hyperites, which all show the high ratios of MnO in the hemo- 
ilmenites to the magnetites, probably experienced tempera- 
tures similar to those indicated for the metamorphic ores 


Grtedeby seuddington,, set ake (1964)e. 


(iii) Magnesium 
On the basis of its ionic radius (0.66A), magnesium 
could be expected to proxy for re but its electronegativ- 


Teves rover lle emcompared to 1). 6.105 Feri which greatly 


limits its exchange capacity with meee (Mason; 1966). It 
replaces boa instead, which has a lower electronegativity 
than Bod and occurs as magnesioferrite (MgFe3* 0,) with 

the rhombohedral phases (isomorphous with ilmenite and pyro- 
phanite). 

Almost without exception, magnesium is present in 
only trace amounts in both the magnetites and titanhematites 
Gfeablegroups (<0. lewt. 93). It shows slightly higher con- 
centrations in the hemo-ilmenites of Table 7, which show an 
average concentration of 0.1 wt. % except sample 211, which 
SCitatnemanoutmO.j wt. @ MoO.  (ln8this Latter case, the 
hemo-ilmenite can be considered a mixed oxide phase composed 
mainly of FeTi0. and Fe,0,, with appreciable amounts of the 


other two members of the isomorphous series: MnT10., and 


MgTi0. (pyrophanite and geikielite respectively). : 
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(iv) Aluminium 
In the Fe-Ti oxide phases, aluminium is present as 


34 


the Al-spinel hercynite (FeAl Substituting Lor Fre 


rag 
Within the ore-body magnetites, the concentration of A1,0, 
Ranges’ rome a0. | to cOss wees averaging abour 0.2 wt. %. 
Comparable concentrations are obtained for the coexisting 
titannematites, but there 1s 9a general Slight ‘tendency for 
aluminium to!’ be enriched in the titanhematites than the co- 
existing magnetites. The amphibolites and skarns show sim- 
iarevartatv ons Ocvaluminium in chemroxides. It is the 
mMagnetites of Table 7 (metagabbros and hyperites) that show 


a distinct difference, with A1,0 concentrataens Of up to 


3) 
OFA we weal ther magnetites. 
InvOordeweto, ccternmine the variations (it any) of 
aluminium with respect to hemo-ilmenite lamellae in the mag- 
netite host, a qualitative electron beam scan was performed 
simultaneously foreAl,—Fe-and Ti onfa magnetite grain simi- 
lar to Plate V(c). The result of the scan is shown in Fig. 
jemetnietnic) part ciubas=section of the jordin; aluminium is 
present in rélatively trace quantities as can be seen from 
the relative intensity scale; but when the AlKa radiation 
achieves a recordable intensity in the course of the scan, 
its position coincides with the Tika peaks that represent 
the posteion of theshemo-i lmenivtes bameliac. (ina ss indi1— 


Gated by areas labelled C on the charts) [tis noted’ that 


not all of the hemo-ilmenite lamellae have exolved hercynite 


te 
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associateaewithtthemps tintfact the granularbaggregates “of 
hemo-ilmenites are free of aluminium. Hence exolution of 
hercynite probably took place with the original ulvospinel, 
which has since been oxidised to hemo-ilmenite. 

Another mode of occurrence of hercynite in some 
grains of magnetite within the ore-body is illustrated by 
Plate Eiciniwhich tic) an@AlKo imageio® partrofta tmagnetite 
grain (sample 47). Here ther exubace is exolved as tiny discs 
or blebs less than 5 microns in diameter; these blebs are 
microscopically invisible, and their presence was only in- 
dicated in the course of the aluminium microanalysis. Only 
three samples show this phenomenon (40, 47 and 54), and the 
slightly higher Al, 0, indicated for the magnetite analyses 


of these samples is due to contamination from such discs of 


hercynite, which could not be avoided. 


Oe Meugeiehy 

Vanao tum in the iron Oxides 1s probably present sas 
qo wWittlan 1OnLtc fnadius of 0.74A; its iconic radius as 
greater than Fe?" (0.64A), but its electro-negativity is 
much less, this latter factor being responsible for its en- 
richment in early-formed magnetites (Mason, 1966). 

The Sgftestad magnetites have been reported to be 
rich in vanadium compared to magnetite associated with 


Gabbrouc rocks. (Mutchell, 1967). Mie wasecOungenot tobe 


the case, as the vanadium analyses in the tables show. 


20 


to astspoxpon welimety ois tosi' Ae 







30 nolsufoxs asa ,mitaiowls Yo eases 
, Lone qaovlu- leAcptitro Sf4) divtw. Sosig renee 
Jatitent i<ouaitl oF 2itbreos seitnials and dotdw 
anes af sainyoursn to 2one11yS96 = sbom {orton 
yd botstdeulii et ybhod-sto oft meee eee 2 enisitp 
atitedpem 5 YO tusq Yo opsmi (tA cnas BF Boke Srey Oars 
aseib Gakt wa Bovloto ct ettayszed o9sh ARS Sianeap alee 
as adoefd sesit «xyotountb ak eneroimS Geee aegt eee oe 

12 Vino. asw sonsestq . carly bas ,oitifeival viteolieessagoia | 
‘(soriparh ior ptuchcomele: SHS Posseegos Ste ah Sagagks ; q 
rise Vs O') sodeuonedto- ards were ealoqape- sores 
aw 
yt “ols enimetoos of-avS st eefemie seece i0 7 

he hiovs «2d. Jon Bives te ite atinyezed 


s1é of Fionpsy $d¢ 703 Bolpaehiet 20 2b) igeeee Bee 


omit {v) a, 

25 ‘tueeotg yldsedosd ek vebixg not, suas miLibste¥ | eh 
ai euthex Sinet B21 Aa J ey acthes inet me dsiw “ey ws 

et Wiv.tiepop-o1tonte att Prict Nae. }* “a4 reas zos807R 


=no eti 10% sidtagoqecn perksct Minton ‘una id etd donee oun 


ee: Trae 


, 





66 

The magnetites from the ore body, amphibolites and 

skarns (Tables 4-to 6) have vanadium contents ranging from 
OaieeOMO.o Wi. & V0.3, 


: : age : 
having a greater proportion of Fe ions, have vanadium con- 


while the coexisting titanhematites, 





tents of 14 to twice that of the coexisting magnetites. It 
fcwolco Buterestingsto\notentharetpemeoncentratagqn,of V0 
in the titanhematites generally varies in proportion,to, the 
titanium concentration; the ones with the higest Ti0, values 
have lower V9 contents because of the proportional lower- 
ang of the Fe,0, content.of»the, titanhematites. 

The metaigneous samples of Table 7 again show the 
distinct difference of their oxides from those of the ore- 
body and country rocks, this time with respect to vanadium. 
The vanadium contents of the magnetites range from about 
Oe Se tOndaliwi= 3 V5041 while the coexisting hemo-ilmenites 
surprisingly show slightly higher V0. contents than the 


magnetites. Fe.0 in the ilmenites occurs as hematite, 


3} 
either exolved as tiny discontinuous lamellae (Plate V(E)) 
or in solid solution. Most of the metagabbro and hyperite 
samples examined show that extensive leachinggotythe magne— 
tite has occurred, leaving skeletal grains of ilmenite 
(Plate cel iis eC emvAUG)) 1 Lt 2S possible that during the 
leaching process, some of the vanadium was accommodated in- 
to the hematite phase of the hemo-ilmenites, thus enrich- 


ing them in vanadium. This could not be checked by direct 


analysis of the hematite lamellae in the hemo-ilmenite due 
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to their extremely small size. (The high Fe,0. content re- 
Gordedvinwthe analysis for samplewsl is due to this diffi- 
CUulty)) 

Figure 8 shows the distribution of vanadium between 
coexisting magnetites and rhombohedral phases (titanhemati- 
tes and hemo-ilmenites). The enrichment in vanadium of 
magnetites from the metagabbros and hyperites relative to 
those from the ore-body and country rocks is evident. 

Vaas oki, get yale (1963) have aisciusseduche possiba i 
ity of using the relative amounts of vanadium and iron an 
Magnetites as a possible genetic indictor of the ore forma- 
tion concerned. Taking the vanadium module, which is de- 
fined as the percentage of vanadium contained by the total 
iron in a magnetite, the authors established distinct gen- 
etic groupings of iron-ore bodies from different parts que 
the world. The magnetites that show high vanadium modules 
( leaivweresall “found to be Ghose associated with basic 
eruptive rock series and dykes. Metamorphosed ores associ- 
ated with basic intrusives gave somewhat lower varying val- 
ues (v0.5 to 046), while the lowest watues (0.17 to Os, 20) 
were obtained for ores that originated by a process of met- 
asomatic replacement. 

At Sgéftestad, the ore-body magnetites have vanadium 
modules*ranging from 0.1) to 0.277 thesskarn magnetites show 
values of 0.15 to 0.16, while magnetites from the Sy eae 


ites have V=modules of 0.10 to’ 0.16. . The magnetites 
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associated with the metabasics give higher values (v0.4 to 
0.75), Similar to the metamorphosed ores associated with 
Desiecmimirusives citedibymaiVadstokumeti all (1963)" sethe low 
vanadium module values obtained for the magnetites from the 
ore-body, amphibolites and skarns are similar to those Aco 
Ore bodies formed by a metasomatic replacement process 
(Vaas] Okmyee taal e963 )2 

In summary, the S¢gftestad magnetites are almost pure 
magnetites; the ore magnetites and those associated with 
skarns and amphibolites are chemically and texturally very 
similar with very little Ti and V dissolved in them, while 
the coexisting titanhematites show a wide variation in the 
amounts of ilmenite in solid solution with the hematite 
Phases te Tiss iemconstdered to be due to local variations in 
oxygen fugacity. | 

The magnetites associated with the metagabbros and 
hyperites show distinct chemical and textuvalGdac ference 
compared to those above. They are again Ti-poor, but coex- 
ist with hemo-ilmenites, which resulted from the oxidation 
of the original ulvéspinel dissolved in the mag neenees in 
response to the high oxygen pressure Conve Onsw lia tap Les 
vailed during metamorphism. Compared to the ore-body mag- 
netites and those form skarns and amphibolites, these mag- 
netites show higher Al and V, and lower Mn contents. 

These differences probably indicate that the ce 


body magnetites at Sgftestad do not owe their origin’ to 
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direct magmatic processes as those of the metagabbros and 
-hyperites, but rather to metasomatic replacement processes; 
the skarn oxides that formed metasomatically show similar 
chemistry and texture to the main ore. 

Sulfur Isotope Measurements and 
Duscussilon 

Mass spectrometer measurements of sulfur 1sotope 
values were performed on coexisting pairs of pyrite and 
chalcopyrite from a sulfide-rich section of the ore-body 
lundersthetsupervisioniof Profilukrouseltof® the™Dept’. \of 
Biysecs AeUnivercsuty tof (Calgary: 

ireiwecsultsr ane tgiventin trablecs: below esDue sto 
difficulties in measurements, values are not given for 
Byaeehe: (> brand Copy. b23(b)e. 


ee va lueeerange arom {3 9Glmto, =26;7 withinethe 


The 6S 
magmatic hydrothermal type deposits (Barnes, 1968), and it 
is likely that the mineralising solutions leached the Sule 
fur from the surrounding magmatic rocks. 


TABLE Se) Sulfur Isotope Values for’ Coexisting 
Pyrite-Chaleopyrite Pairs from the Sgftestad Ore 





Sample No. 
116 (a) 
UL (i) 
123 (a) 


L230) 
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A good agreement is obtained for the challcopyrites 
ofe LL6( a) and! 116 (b)5 and for the pyrites of 116(a)- and 
iMetajgeneutt the Some pyrite value of 123(b) shows a differ- 
ence, thoughestilicnot tooyfartoutpofothesstandard devia- 
tion. The reason for such a conspicuous difference is not 
eheaas 

Using Kajwara, et al's (1971) temperature scale for 
coexisting pyrite-chalcopyrite pairs, a temperature value 
@feabout 550°Ceisvobtained@torthelsample U1l6)pair,; whale 
the sample 123 pair give a value greater than 700re. The 
former temperature is a realistic value that reflects the 
epidote-amphibolite to amphibolite grade of metamorphism 
the ore-body has experienced. From the latter value, it 
appears that equilibrium relationships have not been met 
between pyrite and chalcopyrite in certain cases with re- 
Spects Lop cuicie gee yee mater 


Application On Experimental and Theoretical 
— Data to Ore and Country Rocks 





Page Progress venOxi dati ono mi Oxides: Buddington), et al 


(1964) gave the following relationships with progressive 


oxidation: 
6Fe,T10, + 0. S 2Fe,0, + 6FeT10, (2) 
4Fe,T1i0, + 05 = 4FeTi0, + 2Fe,0. (2) 
AFe 0, ucts 0% x 6Fe50, (2) 


ATiO., + 2Fe.,0 


AFeTi0 10 5 Ape (4) 
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In the Sgftestad area, reaction (1) is displaced 
towards the right hand side. Samples from the mata-basics 
just north of the ore-body contain magnetite with ilmenite 
Nemeoivae Celate 67(C)). “The titanium content of these mag- 
netites is very low, indicating that almost no ulvospinel 
remains unoxidised in the magnetites in accordance with the 
high oxygen pressures that prevailed during metamorphism. 

Reaction (2) is interesting for one particular sam~ 
plem(mow Lola PlatelV.te) jayhaving Timente witlyybanis dyseon- 
tinuous lamellae of hematite. The ilmenite in this sample 
occurs both as lamellae in the magnetite and as granular 
and skeletal aggregates in contact with the magnetite that 
bears theelamellae sof ilmenite. As’ moted im the section on 
ore description, the hematite lamellae disappear in the 
Wucuni Gyo Pathe ilmenite-magnetite Contact. Kretchmar, et 
al (1971 aan eetieved tthis Same (feature in magnetite-hemo- 
ilmenite grain contacts in samples from the Whitehorse anor- 
thosite. The hemo-ilmenite grains are inhomogeneous with 
regard to the amounts of hematite in solid solution, being 
poorer near the magnetite grain contacts and more saturated 
away from the contacts: Kretchmar, et al. (1971) suggest 
that this 10 to 15 micron ferrian-ilmenite rim is due to 
the “ynrgquation of ilmenite during the oxidation of ulvos- 
pine! gintossurround ting hemo-ilmenite grains, where it dis- 


- 


solves and forms a homogeneous ferrian ilmenite rams 
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Reaction (3) has been observed in a few specimens 
(Plate IV(g)), indicating that locally the oxygen pressure 
was high enough to oxidise some of the magnetite to Piccan— 
ium-poor hematite. 

Neither the rutile-hematite association of reaction 
(4), nor the rutile-magnetite association indicated by 
Annersten (1968): 3FeT10. + 405 = 3T10. + Fe,0, has been 
observed in the Séftestad suite. As noted previously, the 
reaction rims of sphene around titanhematite grains in the 
hornblende gneisses and amphibolites indicates the oxidation 
of the ilmenite faction of titanhematites in a calcium- 
silica-rich environment. 
2 A+ 


3 + 2Ca + 251 + 7/205 iss 2CaT1Si0,. + Fe,0., 


The above reaction is consistent with the high oxygen pres- 


2FeTi0 


sures indicated by the other assemblages. 

Buddington, et al (1964) give a graph Goreme SP ageiche 
shows that specified compositions of magnetite ss and ilme- 
nite ss are unique functions of temperature and oxygen ie Shel 
BCULV eo tempter tO utils septheir curves for determining the 
temperature and £0, that prevailed, during the metamorphism 
of the Sgftestad ore proved unsatisfactory, largely because 
the oxide mineral compositions of Sgftestad do not fall ea 
the range of the available experimental data. Extrapola- 
tion of the curves by a method suggested by Smith (1972) 


was attempted, but the range of values obtained combined 


with the uncertainties in extrapolation (both the 


ev 






atuimi sca wall achi “bavuacio cased aad 
“f—BIi2 oF St iidsnpem ats Ic shine sal bineb od ipa tipid aew 
; Y 
netipse:a Ao dokgaisoses si id onod«sDRa ae eee 


wet bDeyastbal hoftoiooeds .wld4nene eee ae Bondseree 





jooit eek ,Opet + Orc + Ot + ,ORSTE eh i 

aot esched or i 
fii iv ie orvsera Hooton. : ome ie To asa twee nk . 
fs Pe Bittle XT. 32% t+smocdiet to. bavorws stiachta % pitdes . 


7 
} i(iddms bos ¢eseterp ebhbreidexod - 
- 


yid'lles 5 ni hojisemoddetit Yo Pottes? etigent= aes 


Mi Filan sdece b — doir~soilte . 
20.9% + SOLaiT OSKS: 4 “Stas 4-7 epee , CUTots ‘ - 
r| ; itiw mo 7 SLenoo 2 nostioest svoda war 

iduseas*tadyo Sit ye Goteakins aesee | 
tesit (2: .pit) deete s eae. a Wi) af 7S odpat had 


TLL. eye Se OV SI SNORM Lo NORE. Senge Hatt i nesses tard ewoda 


: 
| 
“Divi Mepyxo Off siusisane?’ 19 sap ryones Ssipine San ae eee 7 
ont piiciomisten 101. zevrus 1f38d2, selieoy of sgameted (ee 
HeteaIOnMsion sist pri«h belteverd ens - 02 ars oe) slut sxoqmes : 
Seuhved viowre! ,y1ososlei steamy Bevorg aro bateed ee ene 0 
af List Jou oh Bsjeas2he lg sagitieogins Tasenie sbkxot aie 


: An r . ms — 
yA eel, ww seesliy 7. 
7: we fy eee : : ¥ rae 





74 
magnetite ss and hematite ss curves approach parallelism 
with a decrease of ulvéspinel and an increase in Fe,0, an 
hematite ss) proved to be without meaning. 

Buddimgton pset alye(l964) encountered =the wsame dit- 
ficulty in the oxide compositions of some metamorphic and 
partly metasomatised paragneisses. The authors explain the 
high values of excess Ti, in many of the rhombohedral 
phases by the presence of meta-ilmenite; the Fe50, content 
of the original phases was lower and the FeTi0, content 
higher than the analyses presently indicate. This would 
fit with the suggestion presented here that whatever ilmen- 
ite was formed from the original titanhematites was oxi- 
giusecdminewe calcium-stlica rich environment to form Fe,0, Zr 


sphene. 


B. Estimation of the Range of £0, 

Assuming a realistic temperature of metamorphism of 
around 550°C for the Séftestad ore and country rocks (as in- 
dicated by sulfur-isotope data, metamorphic mineral assemb- 
lages of upper epidote-amphibolite to aMnpnibold tenn dacues 
[Winkler, 1967], and MnO distribution between the coexist- 
ing oxide phases [page 61]), a general limit can be placed 
on the oxygen pressure that prevailed during metamorphism. 
Ae cone n (1968) gives the theoretical stabil ley. elds etor 
the system Magnetite-Hematite-Ilmenite-Rutile as a function 
of oxygen pressure between 400 - 600°C. The coexistence of 


magnetite + hematite + ilmenite at Séftestad indicates a 
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PQ. range of about Om tom Lon atm. for a temperature 


2 
Bongemorec0ytol5/0 (Cee ihat higher oxygen pressures pre- 

vavvedurs indicated bymthremoxidarion of ilmenite to sphene 
(instead of hematite + rutile). An approximate upper limit 


10 


COfeldy atm emPOe could bey placedsromithe) Sgitestad rocks 


2 
since ilmenite-free hematite does not coexist with either 
sphene or rutile. 

As noted by the author, the theoretical stability 
tieldeGqiven fortis ssystem isestrictly valid for pure 
phases; the extent to which titanium, entering as a third 


Componente tnesccliarsolution to stabilise hematite at lower 


oxygen pressures (Lindsley, 1962) is not known. 
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COMPARISON OF SGFTESTAD ORE WITH METAMORPHOSED 

KIRUNA TYPE ORES, AND POSSIBLE SKARN ORIGIN 
Types of Fe Deposits: From the numerous works on descrip- 
Clonceandsmodess of origin of rom ore bodies in the litera 
ture, it is evident that most of the important deposits 
fall into one of the following general categories: 

(i) Magmatic deposits, which could be of two main types: 

(a) The “Kiruna type" deposits, which are phosphatic 
(apatite-rich) deposits formed by a magmatic differentia- 
tion process. Magnetite is the principal ore mineral, with 
hematite subordinate and secondary. 

(oy) ) The “Hauki type” ores (Frietsch, 1970), which are 
genetically connected to the Kiruna type ores, but formed 
at later stages and lower temperatures. These types of de- 
posits are believed to be hydrothermal-metasomatic in ori- 
gin (Frietsch, 1970), representing later stages in the mag- 
matic differentiation process that gave rise to the main 
mass of deposits of the Kiruna type, and are mainly hema- 
Giller Oores™ 
(ii) The "Cornwall type" contact or skarn deposits, formed 
by pryometasomatic processes; such deposits owe their ori- 
gin to magmatic activity nearby, whitch -supplies *the*neces=— 


Sary Ore materials, volatites™“and*heat that alter the 
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nature of the country rocks the magma invades. Both magne- 
tite and hematite can occur in those type of deposits. 

(73.7) jaThes"Lake Superiorstypes deposits, .which-aresstratic 
fied, usually quartz-rich ores of sedimentary origin. The 
iron in these is present as hematite, magnetite, pyrite, 
Sidenmitenor One Ofithessronesia | cabcsn (Park, sctypalse1l96n). 

Of.the above categories of iron-ore bodies; the 
Sdftestad deposit could belong to either the Kiruna type 
GupthouckarimsypesdepOslt,gcince it exhibits features that 
resemble these two types. Due to repeated metamorphism 
and deformation, all original features of the ore and coun- 
try rocks have been obliterated, and hence its mode of or- 
igin cannot be stated with certainty, but some comparisons 
could be made with similar ore bodies elsewhere. 

Kvien (1961) has concluded that the Sgftestad de- 
posit resembles the Gallivare iron-ore body of Sweden, and 
most probably belongs to the Kiruna type ore as originally 
suggested by Vogt (1895; in Kvien, 1961). The main features 
of the Gdllivare ore deposits have been described by Geijer 


(1910; 1967) and Annersten (1970). 


The Gallivare Deposit 

Situated in northern Sweden at approximately 67°N 
Teeside. 45 miles north of the Arctic circle, the Gallivare 
iron formation occurs in gneisses and leptites. Both the 
ore and country rocks are of Precambrian age. The leptites 


are described as metamorphosed acid and intermediate 
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volcanics; and contain plagioclase (An, 9) + calcic amphibole, 
@tcpside ,"sphenep apatite, scapolite; quartz and iron ox- 
ides (Annersten, 1968). Bodies of granite, which appear to 
be thesyoungest "rocks™in the fieldjyware enclosed within the 
leptites and gneisses, and even in the ores. The contact 
between the ore and leptites is not sharp everywhere, and 
metamorphism occurred in connection with strong deformation 
and folding. Annersten (1968) gives a temperature of meta- 
morphism of approximately 550°C. 

The ore is mainly composed of magnetite, but in the 
Western pant, some hematite occurs with the magnetite; loc- 
alive comeemartisar1on Gi athe Magnetite is seen. The so- 
called "Main Ore" of the Gallivare field comprises a chain 
of sill-like ore bodies in which the banding of apatite is 
very common. The apatite grains lie in parallel rows, with 
Many short gaps, and bands of pure apatite rock, reaching 
several centimeters in width are not rare (Geijer, 1967). 
Tadd tron erriet sc (196 /)—notess the presence or silliman- 
ite, andalusite and corundum associated with the ore; he 
suggests that these minerals formed as a result of wall- 
rock alteration by intruding pegmatites and granites rather 
thameasea result. of carlager magmauic activity. 

Annersten (1968) states that the pre-metamorphic 
history of the Gallivare deposit still remains an open ques- 
tion, since skarn rocks rich in hornblende and pyroxene 


occur at the border between the ore and the leptites, 
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suggesting a genetic connection between the seWOrtesut other 
workers (Magnusson, 1953 [in Annersten, 1968]; Frietsch, 
10676070 ;eGeijer;el96)) havemconcludedsthat.the deposit 
is a Kiruna type deposit which formed by a magmatic differ- 


entiation process, and was later metamorphosed. 


Comparison of Séftestad with Gallivare 

The similarities between the S¢ftestad and Gallivare 
iron-ore deposits can be summarised as follows: 
(i) Both deposits are of Precambrian age and have experi- 
enced similar temperatures of metamorphism. 
(41) They are both apatite-rich deposits. 
(iii) Both deposits show low sulfur contents. 
(iv) The magnetites of both ores are impoverished in Ti0,, 
indicating comparatively high oxygen fFugacuties suring) Nets 
amorphism. 
(Jaen ae Al,0. content of the Gallivare magnetites average 
ArOUnGdEOLe wiles (Frietecn, 1970), which is about the same 
as for the Sgftestad magnetites. 
(vi) Pegmatite dykes cut the ores of both deposits. 
The differences observed between the two deposits include: 
(i) Hematite is rare at Gallivare, while it forms an im- 
portant constituent of the ore at various sections of the 
ere e tad deposit. 
(ii) The magnetites of Gallivare show a slight chemical 
difference to those of Séftestad in that they contain a 


higher proportion of trace elements. Nim ends comare: present 
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inmamounts.of.up ton0.LevtusteateGallivare,(Rrietsch,11970) 
while these elements could not be detected in measurable 
amounts on the microprobe in the Sgftestad magnetites. In 
addutien,acthe)Gallivare »magnetites .containpslightly shigher 
V50. eontents. (-upsetou0.4%), wands owereMn04contents »(<0..054t0 
0.1%) compared to the S¢ftestad magnetites (0.1 to 0.2% V9. 
acne Ome 41 MnO e 

Gaile The host vockssare Leptitessatn.Gallivane sand jhorn- 
blende gneisses at Séftestad. 

(iv). Ilmenite is found associated with the ore magnetites 
in sections of the Gdallivare deposit (Annersten, 1968), 
while it is completely absent in the Sgftestad ore-body 
samples. 

(v) Sillimanite, andalusite and corundum are found associ- 
ated with the ore at Gallivare (see above); these minerals 
have neither been reported or observed in the S¢@ftestad ore. 
(vi) Sulfide-rich patches composed mainly of pyrite, chal- 
GopyGitey born te.and ¢chalcocite fane gfound associated with 
parts of the ore at Sgftestad (Kvien, 1961). Gypsum and 
anhydrite have also been found associated Witiethe sore 
(Piateut (bs palscogMitchel1) 619.6%) 4 These are features 
that have not been reported in the Gallivare deposit. The 
above similarities and differences between the two deposits 
do not in themselves indicate that the Sgftestad ore either 
is or is not a Kiruna type ore as is believed for Gillivare. 


On the basis of its high phosphorous and low sulfur contents, 
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and the apparent lack of metasediments in the Nissedal sup- 
racrustals (Mitchell, 1967), the Sgftestad deposit could be 
eclaseitied as a metamorphosed Kiruna type deposit. On the 
Other hand, there are certain aspects of the ore that could 
probably be better explained by considering a skarn origin 
hypothesis (see below). As noted by Feeetsch (1970) > -skarn 
deposits could contain relatively high phosphorous contents 
(up to 2%); the andradite-bearing pyroxene and amphibole 
skarns from Sg¢ftestad have a significant amount of layered 
apatite grains associated with the iron oxides in much the 
Samesway as other parts of the’ ore.” It should’ also’ be 
noted that sulfides and sulfates are by no means rare in 
the Séftestad ore, even though in localised patches (Kvien, 
LIOL}*: 
Evidences bor ssckarn (om Meta- 
Somact ¢) ~Orroin 

The occurrence of skarn rocks, especially in the 
central banded magnetite - hematite sector of the mine 
(Kvien, 1961) is a significant evidence for a possible 
skarn origin for the deposit. A few samples from outside 
the ore zone have also been found to be skarn mineral 
assemblages. The mineralogy of the skarns have been noted 
in the previous section. They are essentially andradite- 
bearing amphibole and pyroxene skarns containing in addi- 
tion some epidote, apatite, allanite, plagioclase and some 


calcite. Both magnetite and hematite occur in these rocks 
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either as bands associated with apatite grains or dissemin- 
ated through the rock replacing the amphiboles. Phlogopite 
has also been noted in some ore-impregnated hornblende 
gneiss samples. 

Tee ucecioniticanternataciesmagnetites from the ore, 
hornblende gneiss and skarns show a striking similarity in 
chemistry compared to those of the metabasics to the north 
of the ore-body. Since it can be assumed that all the rock 
types in the area have experienced the same degree of meta- 
morphism and recrystallisation, such chemical differences 
are due to different modes of origin. Especially signifi- 
cant are the high V and Al, lower Mn, and the association 
of ilmenite with the magnetites in the metabasics (Table 
Dement cesuggests thatethe ore body oxides did not 
form from a direct magmatic source as those of the meta- 
basics. Furthermore, the extensive leaching of the magne- 
tite from the metabasics leaving skeletal grains of ilmen- 
ite (Plate V(d)) indicates that these rocks at leastmn 
part provided a source from which iron was removed by flu- 
ids mobilised prior to or accompanying metamorphism and 
granitisation. The iron could then be deposited by a met- 
asomatic replacement process at suitable sites Lichen sui 
EOunding,) COUNLELY rocks whose original features have been 
obliterated by metamorphism. 

Works by Davidson, et al (1968) on the gee law 


iron oxide deposits near intrusive masses in Pennsylvania 
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give added support to such a ee on: The authors found 
that during the stage of iron-enrichment in the igneous dif- 
ferentiation sequence, an aqueous fluid capable of dissolv- 
ing iron from the magnetite-ilmenite intergrowths developed 
Wlenin the crystallisangimagma, leaving skeletal grains of 
ilmenite; they suggest that such iron-bearing solutions 
could escape to higher levels where they would be a poten- 
tial source of magnetite deposits of the Cornwall (or skarn) 
type. 

From hypersolidus and subsolidus hydrothermal 


quenching experiments, Martin, et al (1969) demonstrated 


that iron is among the constituents that tend to fractionate 
into an aqueous gas phase at geologically reasonable tem- 
Pere ures (2508. 2500 6); Ihe 1ron-bearing Solutions migrate 
readily towards lower temperature zones. There appears to 
be an apparent lack of dependence on rock type, the pres- 
ence Of a melt phase or of chloride, fluoride, sulfide or 
carbonate anions, which strongly suggests the applicability 
of the experimental results to many contact metasomatic ore 
Gepostes (Martin, et all, 1969) The authors | findings, 2ur— 
ther indicate that hematite can be deposited directly from 
the iron-bearing solutions, which could be applied to the 
Sgftestad deposit since replacement relationships between 
Pocneeite and hematite are hard to find. The magnetite- 
rich zones of the ore could represent depositions at lower 
oxygen fugacities while the more hematite-rich sectors rep- 


resent depositions at higher £05, retlecting Spatial and 
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time differences during the ore-formation process. 

The concordant nature of the Sgftestad deposit to 
the hornblende gneiss host rocks, and the fact that consid- 
erable replacement of the hanging wall is seen at various 
sectors of the mine (Kvien, 1961) further suggest a genetic 
connection between the ore and wall rocks. However, 
Mitchell (1967) suggests that this may be dues to aliteracvons 
accompanying the metamorphic process, and may not be connec— 
ted with the actual ore genesis. 

Finelly~etie plot or thewcompositions of coexisting 
magnetite ss and hematite ss on the temperature — £0, graph 
given by Buddington, et al (1964) falls outside the range 
of available experimental data, in much the same way as 


those oxides of metasomatic origin (Buddington, et al, 1964). 
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CHARIEER av: 
SUMMARY AND CONCLUSIONS 


Ore and eee Rocks 

The Sgéftestad iron ore deposit is found associated 
with hornblende gneisses that form part of the Nissedal 
Suprectustalsvof "the Telemark region. Other rock types 
that form the supracrustals are amphibolites, metagabbroic 
rocks, leptites, Odogardites, quartzo-feldspathic gneisses, 
migmatites and meta-agglomerates. 

Both the ore and country rocks are of Precambrian 
age, and have undergone metamorphism of the epidote - am- 
phibolite grade. The intense metamorphism and granitisa- 
tion hasy Obis Céeratedvalli@ the primary textures of the host 
hornblende gneisses and amphibolites. At least two periods 
of metamorphism and intrusive emplacement are recognised in 
theese cls mv ichmean china perlodmorL detormatronethal procuced 
large shear zones in the recrystallised basement (Wegmann, 
1960). Retrograde effects, probably due to the superposi— 
tion of the two periods of metamorphism, are evidenced by 
the chloritisation and prehnitisation of the ferromagnesian 
minerals in the hornblende gneisses and amphibolites. 

The iron-ore body is totally conformable with the 


enclosing gneiss, and is made up of lenses that grade into 
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one another. In places, there is a considerable replacement 
Pelationship between the ore and the gneiss. On a textural 
basis, menesouesicuclass@tieceinto 3. types: (1) A layered, 
foliated magnetite-apatite-titanhematite ore. (ii) An un- 
foliated (or poorly foliated), granular magnetite and/or 
titanhematite ore. (ii eANLinescrainedymaintéensilyhsheared 
magnetite ore. 

Suchatextural differences are interpreted as a \re- 
flection of the degree of deformation and recrystallisation 
that various sections of the ore have experienced. The lay- 
ered type of ore recrystallised into the more gGwanulanrcoar— 
ser type, which upon shearing formed the cataclastic, fine 
grained type of magnetite ore. 

Sulfide-rich patches occur in certain sections of 
the ore body; the main sulfide minerals are DYL&CE; eoeornate, 
Yehatcopyrete andwchalcocites piheysgare considered to have 
formed later than the oxide phase since they fill in cracks 


and irregularities in coexisting magnetite grains. 


Analytical Works 

Microprobe analysis for Fe, Mg and Ti has been per- 
formed on coexisting calcic amphiboles and biotites of some 
ore-associated country rocks to determine the distribution 
of these elements between the two mineral phases. Analyses 
have also been made for Fe, Ti, Mn, Mg, Ade eendey SOReLhe 
iron oxide phases from the ore and hornblende gneiss, amphib- 


olites, skarns and metagabbroic rocks. The amounts of Ni, 
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Comendscuian  theftoxides#weresfoundito be negligable- 
eee Mg and’ 11 in “Coexisting Ca- 
Amphiboles and Biotites 

The distribution of Fe between the two coexisting 
phases (Fig. 4) is found to be a non-linear relationship, 
with the calcic amphiboles having a tendency for a higher 
enrichment in Fe relative to the biotites. Kretz (1960) 
has shown that the Al, K and Na contents of the two miner- 
aber (especially Al) has significant) eiifect on the dis- 
tribution of Fe between them: the higher the Al (Kand Na) 
content of the amphiboles, the greater the tendency for 
iron enrichment. This would probably explain the iron dis- 
tribution observed for the S¢ftestad minerals, though Al 
analysis was not performed. On the whole, there as a close 
approach towards equilibrium with respect to the Gdistribu— 
tion of iron between the two phases. 

ThiemMometse ra butt On Curve (Pigg) shows a fairly 
linear distribution of the element between the two coexist-— 
ing minerals, and again a close approach towards equilib- 
rium with respect to magnesium is indicated. 

In the Ti distribution however (Fig. 6), there is 
a considerable scatter of the distribution points, Aned Cad 
Ingachat Sees Se. ute with respect to titanium was 
either not established or was not retained between the 
amphiboles and biotites. The reason Leap robablysaue: TOS the 


presence of titanium microlites in the form of sphene or 
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ilmenite in the jferromagnes tans amthas js sevidencediby mez 
aetionmr ims ofiesphene around biotites, and the close assoc- 
iation of sphene and secondary ilmenite with both ferromag- 


nesian phases. 


Baw Oxide Analytical™ Results 

The results of the oxide analyses (Tables 4-7) 
show that the oxides from the ore body, amphibolites and 
skarns have a similar chemistry and dilerer from the meta 
Gabbroic oxides. 

: The magnetites of all the rock types encwore ace 
universally poor in titanium, indicating a relatively high 
oxygen pressure during metamorphism. Titanhematites coex- 
isting with magnetite show a wide Variation inetie lt Ti0, 
contents (from 0.3 to almost 10 wt. %), most probably due 
to local inhomogeneities of oxygen fugacity. 

Manganese is enriched in the magnetites relative to 
the coexisting titanhematites. The magnetites of the meta- 
gabbros show a generally lower MnO Ucontent@ than stncseso. 
the ore, amphibolites and skarns. The metagabbro hemo-il- 
menites, however, show MnO contents Of 1h Geto. 2.6 aWt. wo, 
which is assumed to be present as pyrophanite (MnTi0 3) in 
solid solution with ilmenite. 

Magnesium is present in only trace amounts in both 
magnetites and titanhematites Of Ore angecountTy BEeCKs &- 
(<0. wets tae acie hemo-ilmenites of the metagabbroic 


rocks, the MgO content goes up to Of 7 Witeew when Magnesium 
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present as geikielite (MgTi0.) in solid Solutions with wlmen-— 
ite and pyrophanite. 

Aluminium is present in minor amounts in both mag- 
netites and titanhematites of the ore, amphibolites and 
skarns (0.2 wt. % A1,0,), while the metagabbro magnetites 
have up to 0.74 wt. 3% A1,0.. In a few ore samples, alumin- 
ium es exolved sas small discs’ or nercynite. 

Vanadium is present in amounts ranging from 0.1 to 
Or we. % V0. in the maqnetites of thevore, while it is 
slaghtly .enrichedsin the vcoexisting titanhematites; this 
is considered to be due to the greater proportion of Fou 
ions in titanhematites which vanadium replaces. Similar 
concentrations are observed for the oxides of the amphibo- 
lites and skarns. The metagabbroic oxides, on the other 
hand, show V503 COntentssOr UL Ss CO ls WE. S in the magne- 
Pe Aes 1 woes ein tne 1lmenites. = ihe possibil— 
ity of using vanadium in magnetites as a genetic indicator 
as suggested by Vaasjoki, etal, is investigated; the low 
V-module of the ore magnetites is found to be similar to 
ores formed by a metasomatic replacement process, while the 
higher module of the metagabbroic magnetites is formed to 


be within the range of metamorphosed ores associated with 


basic intrusives. 


Cu Sultunpeisocope Results - 
Sulfur-isotope measurements for pyrite-chalcopyrite 


Dalrsyirom the ore-body vindicate [ee values that range 
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from -3.8 to -2.6, which fall in the general range of mag- 
Matic sulfur. ~The mineralisinge:luids jprobablyjleached the 
sulfur from the surrounding magmatic rocks. From Kajwara, 
Cimalucw los). temperatuncasccalemior Goexistingipyrites 
Ghalconyel te spas, .tempenaturescmor n>) 0}.Ceand (27/,00 ssare 
obtained age tWOuRe Gs wObeEne sal bride iminerabs; ticgappears 
likelvethat equilibuiumenelationships were not met in the 


batter paix. 


Application of Some Literature Data 


en ee en 


From the relationships between the iron and titan- 
ium oxide phases with progressive oxidation given by 
Budd naton, setea) (1064)), 1a high rate of oxidation is indi- 
cated during the metamorphism of the S¢gftestad ore and coun- 
Evy cocks. very little svulyospinel remains unoxidised in 
the magnetites, in accordance with the be lativonsha ps 

6Fe,Ti0, ae 0. a 2Fe,0, + 6FeTi0, 

Since no ilmenite occurs with the ore, it is assumed 
that any ilmenite formed by the above process was either in- 
corporated in the hematite phase to form hematite-ilmenite 
SObladescolution, OL was Oxldised to sphene. 

With higher oxidation, the relationship: 

4Fe5Ti0, + 0, = 4FeT10, + 2Fe,0, is observed in the 


metagabbroic samples. The highest Oxication, OL. the oxides 


- 


at Sgftestad is represented by: 


AFe.0, + 0. - 6Fe.0., in some ore samples. 
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The absence of rutile with either magnetite or hem- 
atite in any of the samples places a limit on the high 
oxygen pressure reached during metamorphism. With these 
considerations, a PO. range of aoe to ee atMceiseeStr— 
mated for the Gdttestad area from the theoretical StabLll icy. 
fields for the system Magnetite-Hematite-Ilmenite-Rutile 
given by Annersten (1968). 

Aptemptsetosutalisesthe temperature-f0,-Oxide-solid 
soluctonagraphuof Buddington, ect al (1964) was unsuccessful, 
largely because the compositions of the G0exi Sting.,oxices 


do not plot within the range of the available experimental 


data. 


Conclusions on Origin of Deposit 

Comparisons between the Sgftestad deposit and meta- 
morphosed deposits of the Kiruna type (the Gallivare iron 
ore field of N. Sweden) show similarities and differences 
Eiatedoencot conclusively indicate whether or not the 
Sdftestad ore should be considered a metamorphosed Kiruna 
Ly pe sore. 

Theesicdi Poa similarities between the two depos- 
its are: both have experienced similar grades of metamor- 
phism, show low sulfur contents, have magnetites that are 
improverished in titanium, AnONaremapa rite —=igech. 

The notable differences between the two deposits 
are: the rarity of hematite at Gallavare, compared to 


Sdftestad; the slight enrichment ieNieeeCOmands Veen the 
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Gallivare magnetites relative to those at Sgftestad; the 
association of ilmenite, sillimanite and andalusite with 
the Gallivare ore, while these minerals are absent at 
Sdéftestad; the presence of sulfide-rich patches associated 
with ethemcottres tad vomer 

Since the Sgftestad ore exhibit some skarn fea- 
tures mtheuposs: bi Mityaotmalskarnporaginiiseinvestigated; 
skarn deposits could in some cases be apatite-rich 
(Frietsch, 1970), and sections of the Sg@fitestad ore are 
sulfur-rich. Evidences for a metasomatic replacement 
(skarn) origin are: 

(peeelhemassoctation of skarn rocks with the ore: 

(ii) The low vanadium module of the ore magnetites, 
similar to ores formed by a metasomatic process. 

(iii) The chemical differences observed between the 
ore magnetites and those of the metagabbroic rocks (espec- 
ially with respect to Al, V and Mn), indicating that the 
ore magnetites do not owe their origin to direct magmatic 
processes like those of the metagabbros. 

(iv) The leaching of the magnetite fraction of the 
magnetite-ilmenite grains of the metagabbros, indicating 
these rock types as possible source rocks for thes ore. 

(vy) The concordant nature of the ore to the host 
hornblende gneiss, and the extensive replacement of the ; 
hanging wall seen in various sections of the mine, suggest- 


ing a genetic connection between ore and hornblende gneiss. 
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(vi) The plot of the Sgftestad oxide compositions 
Outeldemtnesrange Of Most) coexisting oxide phases in the 
data given by Buddington, et al (1964), who also found that 
oxides of metasomatic origin have this same tendency. 

“While akirunatcype omugin form the Sdftestad deposit 
is possible, the points noted above provide sufficient ‘evi- 


dence to suggest a metasomatic replacement origin. 
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Appendix A 


Microprobe analysis 
An ARL/Electron Probe X-ray Analyser was utilised for all 
Chemeue ie tamoe nr LOmcdaiOnet (loeWwOumes=l ie: conditions of Lhe 
analysis were: 
Operating voltage: 15 Kv 
Beam current: 0.1 Micro-amps 
Beam width: 1 micron 
Analysing crystals: RAP for Mg and Al 
Tawa tOeeMrewere ,) lit and V 
A computer program (Smith, et al, 70) was utilised to 
process and correct the microprobe data. For every sample, three 
grains of whatever mineral phase to be analysed were selected, 
and every grain was probed three to five times for all the 
analysed elements. The average counts were then used for pro- 
cessing towards the final results. 
Accuracy of the results 
In general, higher concentrations of an element Ene) fel nahin 
eral phase or a large number of counts increases the accuracy 
of the microprobe results. From an evaluation of the percentage 
error guide tables provided for the electron-probe microanalyser, 
the following estimates are made for the accuracy Or sthewnes— 
ults (at 99% confidence level): 
For Fe: generally 3% by wt. of the oxides 
For Ti, Mn, Mg, Al and V: generally 5% by wt. of the 


= 


oxides. 





Lomith, D.G.W. and Tomlinson, M.C., 1970.. An APL language 
computer program for use in Electron Microprobe Analysis. Computer 
Contribution 45, State Geological Survey, The University of 
Kansas, Lawrence. 
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APPENDIX B 


Recalculation of Microprobe Analysis 

Microprobe analysis gives the total concentration 
by weight of an analysed element irrespective of its val- 
encemstate or states. Tt therefore becomes necessary to 
Vecaleulete thervalucsmtor ironmmootained for the oxides 


£0 determine the ferrous-ferric oxide proportions. 


Procedure: The procedure adopted is that described by 
Rumble (1970). The number of cations in the oxides are 
normalised to their ideal values of 2 for the rhombohedral 
phases and 3 for the spinels. The cations present are then 
assigned to various components: 

(i) In magnetite, Mg is assigned to MgFe,0,, Mn 
to MnFe,0,, Al to FeAl,0,, Dey Fee) Fe,Ti0,, V to Fe V,0, and 
the remaining Fe to Fe,0,. 

Gass) In the rhombohedral phases, Mg is assigned to 
MgTi0., Mn to MnTi0.,, (NE Sele) FeAl0,, Veto Fev0.,, the remain- 
sakes Shak wre) FeTi0, and the remaining Fe to Fe,0,. 

The Peake Feu ratio is then determined by adding 
up the number of these cations inscacim component satiemre. 
sult is used to recalculate the microprobe iron analysis in 


terms of FeO and Fe50.. 
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(a) 


(b) 


(c) 


(d) 


(e) 


(f) 


(g) 


(h) 


PLATE I 


Reaction rim around apatite (central, dark grey grains) 
in prehnitised biotite. (Sample 40) 


Anhydrite (centre left grains) and plagioclase (twinned 
grain, centre right) altering to gypsum (ground mass). 
(Sample 40) 


Allanite (Al) forming rims around apatite (grey) and 
iron oxide (lower centre, within allanite). (Sample 40) 


Apatvtesbanase (high reliet, bottom). growingeinectOse 
association with oxides (black, some sphene-rimmed) in 
hornblende gneiss. The white grains (low relief) are 
plagioclase, the elongated grey ones are hornblende. 
(Sample 213) 


Texture of biotite-amphibolite (white is plagioclase). 
Note that some of the iron oxide grains have grown by 


replacing the ferromagnesians - e.g. elongated oxide 
lath in contact with biotite (right of tope centre) 
maintains original shape of biotite. (Sample 125). 


Garnet (central, small euhedral grain) in hornblende in 
amphibolite. (Sample 268) 


Iron oxides (black) replacing hornblende (grey) in acid 
gneiss. Sphene forms rims around titanhematite (centre). 
(Sample 177) 


Sphene (Sp) growing along plagioclase (light) grain 
boundaries, rimming oxides (black) and forming drop 
shaped grains in hornblende gneiss. (Sample 241) 





PLATE lI. 
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(a) 


(b) 


Cc) 


(a) 


(e) 


(f) 


(g) 


(h) 


PLATESL. 


Scapolite (central light patch) in fine grained amphi- 
bolite. (Sample 210) 

Texture of a fine grained, sphene-hornblende gneiss. 
Dark bands sphene and hornblende, light patches plagio- 
clase. Coarse Porphyroblast at top right is sphene. 
(Sample 90) 


Tendency for grain size uniformity of plagioclase 
(light and grey) and hornblende (darker grey) in a 
typical hornblende gneiss. (Sample 272) 


Relict diopside (Di) in hornblende in ore-rich horn- 
blende gneiss. (Sample 213) 


Andradite-rich garnet (Andr) occuring as euhedral 
Grains and forming epidote (Ep) Mcones mines arin me bocm 
minerals occur in altered plagioclase (plag). (Sample 
13,3)) 


Crude bands of andradite garnet (grey) in between bands 
Of Tron Ores (black) #ineskern. (Sample 141) 


Allanite (centre, dark) with epidote rim in skarn. 
(Sample 141) 


Oxide bands winding along altered plagioclase grain 
boundaries in skarn. (Sample 138) 
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(a) 


(b) 


(c) 


(a) 


(e) 


(f) 


(g) 


(h) 


PLATE, LLL 


Hedenbergite (central light, cleaved grains) being in 
part replaced by ferroactinolite (grey) in pyroxene- 
amphibole skarn. Black ore iron oxides. (Sample 252) 


Iron oxides (black) altering to epidote in highly seri- 


citised quartzo-feldspathic gneiss. (Sample 174) 
Granoblastic texture in granitised leptite. (Sample 
535) 


Granular-porphyroblastic texture of quartzo-feldspathic 
gneiss. Finer grained quartz grow in between grain 
boundaries of coarser grained, earlier quartz and plagi- 
Oclase (Sample 393) 


Skeletal ilmenite (black) altered to hornblende (ho). 
White rim at left centre is secondary plagioclase grow- 
ing along the patch of hornblende. From a metagabbro. 


Coronite metagabbro, with radial laths of hornblende 
(surrounding black ilmenites at centre) enclosed in 


coarse porphyroblasts of twinned plagioclase. (Sample 
HALE) 
Texture of lamprophyre (spessartite). Euhedral grains 
of cummingtonite (white, fine grained laths) and diop- 
Side (bottom@*left)) int a zeolitergrouncemacs: (Sample 
200) 


Fibrons zeolite ground mass (centre) in spessartite. 
Black aremuroneoxides. (Note: scale at the bottom 
should read 100 u.) (Sample 185) 











(a) 


(b) 
(c) 


(a) 


(e) 


(f) 


(g) 


(h) 


PLATE IV 
Banded texture of magnetite (light grey) - titanhematite 
(white) - apatite (dark grey) ore. (Sample 54) 
Unfoliated, granular magnetite ore. (Sample 237) 


Granular titanhematite ore showing slight foliation. 
(Sample 2) 


Cataclastic texture in magnetite ore. (Sample 267) 
Sphene-rimmed titanhematite (left) in ore-rich hornblende 
gneiss. Magnetite grain (right) is free of such rims. 


(Sample 272) 


Elongated pod-shaped grains of magnetite (grey) in titan- 


hematite (light grey). (Sample 265) 
Martitisation of magnetite (light-grey). White is mar- 
tite. (Sample 298) 


Bands of sphene-rimmed titanhematite in ore-rich amphi- 
bolite. Bands are parallel to thei tolvuatron ainetieeroc. 
(Sample 252) 
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(a) 


(c) 


(d) 


(e) 


(f) 


(g) 


(h) 
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PLATE V 


(b) Polysynthetic twinning in coarse titanhematite 
grains. (Samples 40 and 141) 


Hemo-ilmenite lamellae in magnetite from a hyperite. 
Partially crossed polars. (Sample 211) 


Skeletal hemo-ilmenite of a metagabbro. The bulk of 
the magnetite host has been leached out, leaving hemo- 
ilmenite lamellae that outline the shape of the orig- 
inal magnetite. (Sample 145) 


Extremely fine, discontinuous lamellae of hematite 
(light dots) in ilmenite. Note that the lamellae dis- 
appear in the vicinity of the magnetite (Mt) - ilmen- 
ite contact. (Sample 181) 


Well-developed crystal of pyrite (greyish white) in 
chalcopyrite (grey). (Sample 287) 


Pyrite (Py) replacing) chalcopyrite s(Cch;-mercnemsnapemen 
the original chalcopyrite grain remains unchanged. 
Grey rim around the pyrite is goethite. (Section pro- 
vided by R. Mitchell, from sulfide-rich section of ore 
body )e. 


Vein of bornite (bn) extending into magnetite (Mt). 
To bottom left, bornite-chalcopyrite intergrowths. 
(Same section as in (g) above). 





ay ~ 1150. (h) 1 300, 
BAe. 
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PLATE VI 


(a) & (b) Ti Ka and Fe Ka images (respectively) of part of 


Ce) 


(d) 


a magnetite grain with hemo-ilmenite lamellae in con- 
tact with hemo-ilmenite grains. Note that the lamellae 
are connected to the outer hemo-ilmenite grains in (a), 
where both are indicated by the white areas. (Sample 
181) 


An Al Ka image of part of a magnetite grain showing 
blebs of hercynite (white patches) in magnetite (black). 
(Sample 54) 


A Ti Ka image of a sphene-rimmed titanhematite grain. 
Note that some small, Ti-rich patches occur within the 
titanhematite. (Sample 252) 
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